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Ab s t rac t  

This paper desc r ibes  a loader  a lgor i thm f o r  

microprogramming f o r  t h e  purpose of performing a 

u n i f i e d  hardware-software design.  The loader  i s  def ined  

h e r e  i n  i ts  broader  sense  of a r e l o c a t a b l e  a l l o c a t o r  and 

l i nkage  e d i t o r .  A loader  a lgor i thm is presented  i n  d e t a i l  

i n  a series of flow cha r t s .  To f a c i l i t a t e  understanding,  t h e  

flow c h a r t s  are explained by an example. Suggestions f o r  

f u t u r e  r e sea rch  i n  implementing t h e  a lgor i thm i n  microprogram 

are made. 
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A Loader Algorithm for Microprogramming 

1.r) I E T R O D U C T I C N  

‘ p h e  nanrc3 38102deriq is  q e n e r a l i y  3 p p l i e Z  t:, tk;r. 

prscess3r whose i n p u t  i s  t3e o u t p u t  , f rom c o m p i l e r s  ,>: 

a s s z x h l p r s  a n d  :qhose o g t p u t  is an e x e c u t a b l e  c o d e  i n  mem.~cy. 
T h c  e a r l i s s t .  l o a d e r  was a single i n p u t  coinmand t i l a+ .  

t r 3 n s , D i t + s 3  machine i n s t r u c t i o c a  t o  memory, w h i l e  roc;3rit 

l u a d e r s  h.lrve been m a j o r  s y s t e m s  p r o c e s s o r s ,  r ? q a i r i r : q  
t t i 9uus3n i l s  o f  i n s t r u c t i o n s  t o  perform a v a r i e t y  o f  task,;; 

(e .g.# the T B M  709‘3/7094 L o a d e r ;  t h e  IBE S y s t e m  360  L i n k a g e  
E j i t o r - ;  the UNIVAC 7 1 0 F  EXEC 8 S y s t e m  C o l l e c t o r ) .  “he 

i n c r e a s e  i n  t h ?  - f - u n c t i o n a l  i m p o r t a n c e  o f  the l o a d e r  r e f l e c t s  

t h e  g r o w t h  i r ,  c o m p u t e r  s y s t e n s ,  
-_-- Eac k q r o u r .  ----- d 

T h e  e v o l u t i o n  of t h e  l oade r  f r o a  a s i m p l e  I P L C R O ~ ~  

a l l D c A t i o f i  r o u t i n e  t o  i t s  present f o r m  i s  d u e  p r i m - l r i l y  ti; 

t h e  c o n c e p t  of p r o g r a m  m o d u l a r i t y ,  P rogram m o d u l a r i t y  
r e fe rs  t o  t h e  p a r t i t i o n i n g  of a p r o g r a m q s  t a s k s  i r . t o  
s u h p r a 7 r a r n s  (or s u b r o u t i n e s )  T h e  i d e a  of s u b p r o g r a m s  acos-? 

e a r l y  i r ,  t h e  d e v e l o p a e n t  of c o m p a t e r s  f o r  s e v e r a . 1  reasons: 
(a) .......................... Minimize r e d u n d a n t  e f f o r t .  T h e r e  a r e  many 

m a t h e m a t i c a l ,  d a t a  management ,  a n d  b o o k k e e p i c g  

f w c t i o n s  t h a t  a r e  common t o  many p r o g r a m s ,  r t  is 
w a s t e f u l  f o r  e a c h  p rogrammer  t o  program a f u ~ l c t i o n  

t h a t  h a s  a l r e a d y  b e e n  programmed.  

( 3 )  M s r 9 2 _ s u b ~ r e s r a m s _ w r ~ ~ ~ ~ ~ - ~ ~ - ~ ~ ~ ~ ~ r e n t _ s v ~ ~ o ~ ~ ~  
--- lanqgmg4ee- Most c ; o ~ ~ p u t . e r  s y s t e m s  r e q u i c o  that 
Sone p a r t s  . o f  e v e r y  p r c g r a n  {eo g.. I n p u t / O u t p u t  
r o u t i n e s )  be Kritten i n  t h e  m a c h i n e  a s s e n k i y  
l a n g u a g e ,  Y o w e v e r ,  it is  z a s i e r  t o  wri te  l-trqe 
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p r o g r a m s  i n  a h i g h e r - o r d e r  p r o c e d u r a l  l a n g u 3 . p .  
Therefore, i t  i s  b e n e f i c i a l  i f  the b o t h  a s s c A F S l y -  

l a n g u a y e  a n d  p r o c e d u r e - o r i e n t e d  l a n g u 3 g e s  can I W  

use? i n  w r i t i n g  a p r o g r a m .  

amo~~__s~veya~--EE09EammeESl I t  is h e l ~ t u l  if a 

p r o g r 3 m  car! be d e s i g n e d ,  c o m p i l e d  a n d  t e s t ed  in 
p a r t s  3 ~ 3 ,  o n c e  c o m p l e t e d ,  assembled i n t o  a who32  

w i t h o u t  a d d i t i o n a l  p r o g r a m m i n g ,  

/c) selit,t4e,EresEamm~ss,effoEt_ol_a_lgyqa_~~~~~~~ 

I n i t i a l l y ,  s u h p r o g r a m s  were a w k w a r d  a n 3  hard t o  u s e .  
This was Z u e  to t h e  p r o b l e m  of n a m i n g  c o n f l i c t s .  Name 
space, tho s e t  of  a d d r e s s e s  g e n e r a t e d  b y  a c o m p i l e r  f o r  a 

program, is d i s t i n c t  from g ~ d g g s s - s ~ ~ c g ,  t h e  set  of p h y s i c a l  
intfInofy locations. When a p r o q r a a  is l o c a t e d  in memory,  
e i t h e r  t h e  name space ~ u s t  be c o i n c i d e n t  w i t h  t h e  a d d r e s s  
s ; ? ~ c ? ,  3r tirers must be a f i x e d  p r o c e d u r e  t o  map o n e  space 
t o  a n o t h ; ? r ,  

0 5 v i o u s l y ,  problems o c c u r  when t h e  i n t e r s e c t i o n  of t h e  

a d d r e s s  space o f  two s e p a r a t e  s u b p r o g r a m s  is n o n - e m p t y .  For 

examnl?, i f  t h e  riame s p a c e  of  s u b p r o g r a m  A maps t o  a l d r e s s  
space 1 0 0  t h r o u g h  150 a n d  t h e  n a m e  s p a c e  of s u b p r o g r a m  B 

naps t o  a d d r e s s  s p a c e  120 t h r o u g h  l e 0 ,  a c o n f l i c t  e x i s t s  ir\. 
l o c a t i o n s  1 2 0  t h r o u g h  150 .  IR the e a r l i e s t  c o m p u t e r  
sys teas ,  a s u h p r o c j r a m  was w r i t t e n  f o r  a f i x e d  location ir. 
a d d r s s s  space,  A s s e m b l y i n g  s u b p r o g r a m s  i n t o  a p r o g r a r n  
r e q u i r e 2  t h a t  t h e r e  were n o  namlncj  c o n f l i c t s ,  T h i s  

r e q u i r e m e n t  made i t  extremely d i f f i c u l t  t o  i n c l u d e  even a 
few s u b p r o q r a m s  from p r e v i o l i s  a p p l i c a t i o n s .  It i s  

i m p o s s i b l e  t o  imagine p r o c e d u r e s  ot t h i s  s o r t  beilng C a r r i e 3  
o u t  on  modern  s y s t e m s ,  w h e r e  t h e  name space of s u b p r o g r a m s  
a v - i i l a b l e  t o  a p r o g r a l r i m s r  i s  several h u n d r e d  times greater 
t h a n  t h e  add res s  s p a c e ,  

The p r o b i e m  of n a n i n g  c o n f l i c t s  was resolved b y  t h e  

d e v e l o 2 m e n t  of t h e  r e l o c a t a b l e  s u b p r o g r a m ,  T h e  i d e a  x a s  t:, 
h a v e  t h e  compilers a n d  assemblers  p r o d u c e  s u b p r o g r a m s  t h a t  



co:i13 S c  loca ted  a n y w h e r e  i n  3emory ( a d d r e s s  s p a c e )  dr,d k,? 

considered p r o p e r l y  l o c a t e d ,  T h e r e  arc  s e v e r a l  met!iodr; of 

d o i n g  t h i s :  
( 1) k d d r ~ s ~ r n s , r e ~ a t ~ v ~ _ t o  t ~ e _ e ~ e c u t j n ~ _ ~ n g y r ~ ~ ~ ~ ~ ~  a 

If a l l  a d d r e s s e s  a r e  r e l a t i v e  t o  a cu1-r”r,it 

p o i n t e r ,  t h e n  name s p c t c e  i s  a l w a y s  c o i n s i d - . c t  d i t h  

a d d r e s s  s p a c e .  
( 2 )  B a s e - E ~ s ~ s l ~ E - a ~ ~ y ~ s s i n q  A l l  a z d r e s s i n c r  is 

r e l a t i v e  t o  t h e  t i r s t  l o c a t i o n  i n  t h e  s u b p r o g r a n .  

idhatever memory l o c a t i o n  t h e  f i r s t  s u b n r o g r 3 - n  w 1r3 

o c c u p i e s  is l o a d e d  i r t o  a base r e g i s t e r ,  13 o r d e r  

t o  make name s p a c e  afid a d d r e s s  s p a c e  c o i c c i l e n t ,  
t h e  a d d r e s s e s  i n  t h e  s u b p r o g r a m  a re  aided t o  t h e  

b a s e  reg is te r ,  
( 3 )  A q j u s t m e n t  of na!ngzpgm% T h i s  m e t h o d  r e q - i i r e s  

t h a t  a s  a suhFrogram is  l o a d e d  i n t o  memory, e-1ch 

a d d r e s s  be p r o p e r l y  m o d i f i e d  t o  c o i n c i d e  wit5 
’ a d 3 r e s s  s p a c e ,  

The  t h i r d  m e t h o d  has  been t h e  most common m e t h o d  u s e d  i n  
c o m p u t e r s  a l t h o u g h  r e c e n t l y  b o t h  m e t h o d s  (1) a n d  ( 2 )  h a v e  
r e - e m e r g e d  i n  major S y s t e m s  [ 1 ] [ 21, 5 0 t - h  of t h e s e  m e t h o d ;  
r equ i r e  s p e c i a l  h a r d w a r e  c o n s i d e r a t i o n s  i n  t h e  form of 

r e g i s t e r s  a n d  l o g i c  c i r c u i t s ,  T h i s  t e n d a r c y  of  hardwar?  
s o l u t i o c s  t o  follow software s o l u t i o n s  w i l l  b e  e x a m i n e 3  
f u r t h e r ,  

Naming c o n f l i c t s  a re  n o t  t h e  only p r o b l e m s  r a i s e ( 1  
r o u g h  t h e  i n t r o d u c t i o n  of r e loca tab le  s u b p r o g r a m s ,  In 

a d d i t i o n ,  t h e r e  a r e  t h e  p r o b l e m s  a r i s i n q  from t h e  i n h e r z n t .  
i n c o m p l e t e n e s s  of  s u b p r o g r a m s :  

Sow d o e s  the c o m p i l e r  r e s o l v e  u n d e f i n e d  r e f e r e n c a s ?  
- Yaw a r e  t h e  s u b p r o a r a m s  l i n k e d  together? 
- How are addresses  d i s t i r g u i s h e d  f r o %  d a t d ?  

T h e  answers t o  t h e s e  ? r o b l e n s  2 n d  t b ~  r e s o l u t i o n  of 
nam~irll j  c o n f l i c t s  i s  o u t s i d e  t h e  realm of t h e  c n n p i l c r s  ar.3 
assemblzrs  t h a t  c o m p i l e  or assemble suhproqrams ,  becauso  t h o  
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1 3 ? q u z i ’ ~ e  p rocessors  are n o t  o m n i s c i e n t ,  Iri o t h e r  w o r d s ,  t o  

p r + d i c t  t h e  prograrn t h a t  a p a r t i c u l a r  s u b p r o g r a m  will belor\.q 

t o  is i m 2 o s s i b l e -  I n d e e d ,  a p a r t i c u l a r  s u h p r o q r a n  car, 
L;esomt=- d ?art of a n  i n f i n i t e  n u z h e r  o f  p r o g r a m s .  

T h e r e f o r e ,  i f  p r o g r a m  m o d u l a r i t y  is d e s i r a b l e ,  t h e  r o l e  
of  s o m p i l e r s  a n d  a s semble r s  m u s t  c h a n g e ,  The  t a s k  of 

g e n e r a t i c y  e x e c u t a b l e  code n u s %  b e  r e p l a c e d  w i t h  t h e  t3sk of 

g e n e r d t i Q u re ioca t ab le  s u  b p c o g r a rn s. 

X i s t o r i c a l l y ,  t h e  t a s k  of g e r . e r a t i n q  3 n  e x e c u t a D i e  
p r o g r a R  from t h e  set of r e l o c a t a b l e  s u b p r o g r a n s ,  k n o u n  a s  

r e l o c a t a b l e  a i l o c 3 t i o n ,  was a s s i g n e d  t o  t h e  loader ,  For 
this r e a s o n ,  t h e  name is g e n e r a l l y  u s e d  to c o v e r  t h o s e  

processors  t h a t  p e r f  orITi r e l o c a t a b l e  a l l o c a t i o n .  As t h e  

l o 3 d e r  has e v o l v e d ,  i t s  f u n c t i o n s  h a v e  g r o w n  t o  i n c l u d e  many 
o t h e r  f u r i c t i o n s  bes ides  r e l o c a t a b l e  a l l o c a t i o n  a n d  a d d r e s s  

l i n k a g e -  Thesa i a c l u d e  s u b p r o g r a m  l i b r a r y  s e a r c h i n g ,  memory 
o v s r l a y ,  a n d ,  i n  some s y s t e m s ,  f i l e  a n d  b u f f e r  pool 
i n i t i a l i z a t i o n .  R e c e n t  s y s t e m s  h a v e  d i v o r c e d  t h o  a c t u a l  
l o a d i n g  o f  memory from the p r o g r a m  g e n e r a t i o n  a l l o w i n g  t h e  

p r o g r a m m e r  t o  s t o r e  t h e  c o m p l e t e d  p r o g r a m  u n t i l  l o a d i n g  is 

d e s i r a d  ar,3 e l i m i n a t i n g  t h e  n e e d  € o r  r e - a l l o c a t i n g  t h e  set 
of r e l o c a t 3 b l e  s u b p r o g r a m s  w i t h  each r e q u e s t  f o r  e x e c u t i o n ,  
--- P a r p o s e  --- 

T h e  p u r p o s e  of t h i s  p a p e r  is t o  e m p h a s i z e  t h e  

d e s i r a b i l i t y  o f  u n i f i e d  hardware-sof tware d e s i g n  i n  t h e  a r ea  
of o p e r a t i n g  s y s t e m s  w h i l e  a t  t h e  same time o u t l i n i n g  the 

f u n c t i o n s  a n d  m e t h o d  of the loader,  a b a s i c  s u b s y s t e m  sf 
e v e r y  o p e r a t i n g  s y s t e m .  E x p e r i e n c e  has s h o n n  t h a t  q i v e n  a 
h a r d w a r e  c o n f i g u r a t i o n ,  software c a n  be s h a p e d  t o  p e r f o r m  
a l l  t h o  n e c s s s a r y  t a s k s  r e q u i r e d  of t h e  s y s t e m .  S i m i l a r l y ,  
w h a t e v e r  car, Se p e r f o r m e d  i n  s o f t w a r e  c a n  s u r e l y  be 
i m p l s m e n t e d  d i r e c t l y  i n  h a r d w a r e .  B ~ t h  cases a r e  e x p e n s i v e  
and w a s t e f u l  when ca r r i ed  t o  e x t r e m e s .  H o w e v e r ,  t h e  b u r d e n  
of s o f t w a r e  car. o f t e n  be s i g n i f i c a n t l y  r e d u c e d  by the 
s i m p l e s t  of  hardware a d d i t i o n s  (e-g., i n d e x  reg is te rs ) .  Far  



t h i s  r 2 a i s o n ,  it i s  d e s i r a b l e  t o  v i e w  a c o ~ p u t e r  s y s t o l r  ic 
i i q h t  o f  t h e  f u n c t i o n s  that a r e  u s e d  f r e q u e n r l y ,  7 .  

“ne a p p r o d c h  is n o t  new, T h e  necessi ty  f D r  rnillim-; ot‘ 

accura te  c a l c u l a t i o n s  i n  v a r i o u s  a p p l i c a t i o n s  Fr. ti: 3 

S c i e n t i f i ; :  c o m m u n i t y  h 3 s  123 t o  s o p h i s t i c a t e d  hardware  f o r  

h i g h - p r e c i s i o n  f l o a t i n g - p o i n t  m u l t i p l i c a t i o a  a n d  d i v i d e ,  

T h e  n e c e s s i t y  f o r  p r e c i s e  h a n d l i c g  of  d e z i m l  n u m 5 e r s  i r .  
l a r q e  a c c o u n t i n g  p r o g r a m s  h a s  l e 2  t o  t h e  d e v e l o p ? % ? n +  of 
h a r d w a r e  f o r  dec ima l  a r i t h m e t i c ,  The c o n t e n t i o n  3f L h i s  
p a p e r  i s  t h a t .  i n  c o n l e E p o r a r y  s y s t e n s ,  53xe of t h e  procjr3ms 

t h a t  a r e  u s e d  most f r e q u e n t l y  a r e  the systeins p r o c e s s o r s  
t h e m s e l v s s ,  T h e r e f o r e ,  i t  is  i n  t h i s  a r ea  t h a t  we s h o u l ?  

e x p l o r e  f o r  t h e  correct s o f t w a r e - h a r d w a r e  mix ,  
The l o a d e r  is a good s u b s y s t e i n  t o  e x a m i n e  i n  t h i s  

con text. E i t h e r  t h e  loader i t s e l f  o r  t h e  f u n c t i o r s  i t  

p e r f o r m s  a r e  common t o  a l l  o p e r a t i n g  s y s t e m s ,  I t  perfonrrns  
n o n - t T i v i a l  set of  f u n c t i o n s  a t  l e a s t  once u r o n  cos t  
proqraas  t h a t .  a r e  p r o c e s s e l  b y  t h e  c o m p u t e r .  The i n p u t s  anf i  
o u t p u t  o f  t h e  l oa3e r  can be d e s c r i b e d  p r e c i s e l y ,  a 2 d  t h e  
a l g o r i t h m  f o r  l o a d i n g  can be s p e c i f i e d  w i t h  a a i n i m a m  o f  

l e d g e  about  % h c  e n v i r o n m e n t  of t h e  rest of t h e  s y s t e m  

w h i c h  i t  o p e r a t e s ,  
T h e  s ? e c i f i c  a p p r o a c h  o f  t h e  p a p e r  w i l l  be t o  d e f i n e  a 

l o a d e r ,  t o  p r e s e n t  i t s  i n p u t s  a n d  o u t p u t ,  t o  p r e s 3 n t  arl 

a l g o r i t h m  f o r  a l o a d e r ,  t o  d i s c u s s  the a l g o r i t h m  i n  terms of 

u n i . € i e d  h a r d w a r e - s o f t w a r e  d e s i g n ,  t o  p r e s e n t  c o n c l u s i o n s ,  
and t o  make some recommendations a s  t o  f u r t h e r  aceas of  

s t u d y .  
‘The d e f i n i t i o n  of  the l o a d e r  is p r e s e n t e d  i n  s e c t i o n  2 ,  

accom p 3  ny i n g  t h e  p r c s e  n t a  t i on o f  term i n o l o q  y I a scum p t  i o n  s 
a n d  r e s t r i c t i o n s ,  S e c t i o n  3 p r e s z n t s  t h e  i n p u t  a n d  o : i t p u t  
d e s c r i p t i o n s ,  I n  a d d i t i o n ,  a b r i e f  d i s c u s s i o n  of  t h e  
d i f f e r e n c e s  t h a t  %xist b z t w e e n  l o a d e r  i n p u % s  ( e - g .  I p a c k i n g  
of i n f o r n a t i o n )  is i n c l u d e d ,  S e c t i o n  4 p r e s e n t s  t h e  

a l g o r i t h n  f o r  t h e  l o a d e r  t o g e t h e r  w i t h  a s e r i e s  of Elow 
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c h = ~ r t s  A E ~  a c c o q p a n y i n g  d e s c r i p t i o n .  S e c t i o n s  2 ,  3 ,  . ind '1 

i rLL: i l l i ?  2 i s c u s s i o n s  o f  a l t e r n a t i v e  m e t h o d s  o f  f o r x a t t i n g  t h i i  

i n + 1 3 r q 3 t . i o n  a n d  p e r f o r m i n g  t h e  l o a d e r  f u n c t i o n s ,  
; e : t i on  5 p r e s e n t s  the 3 i s c u s s i o n  of the l o a d e r  f ro:  

%til> ~ o i n t ,  o f  view of a u n i f i e d  h a r d v a r e - s o f t w a r e  C e s i g n ,  

S 0 v q? Y 1 f u n c t i o n s  a r e  s p e c i f i e d  a s  w a r r a n t i n g  c loser  
+xamir;at  Lon. On2 f u n c t i o n ,  t h e  t r a n s l a t i o n  o f  r e l o c a t a b l n  
c:,1e t ~ )  u x e c u t . a b l e  c o d e ,  w a s  implemented a s  a microprogram 

i n  an  e a r l i e r  report .  T h i s  s tudy  i s  referenced, 
a br ief  c o m p a r i s o n  i s  made w i t h  t h e  c o r r e s p o n d i n g  
f u n c t i o ~ s  in ar existing system, a n d  t h e  e f f e c t i v e n e s s  of 

t h i s  i a g l e m e n t a t i o n  is d i s c u s s e . 3 .  
3.3 :t ian 6 c o n t a i n s  t h e  c o n c l u s i o n s  a n d  r e c o m m e n d a t i o n s  

f ~ z  f u r u r e  s t u d y .  T h e  a p p e n d i c e s  p r e s e n t  a s y n t a c t i c  a n d  
s e a a n t i c  s p e c i f i c a t i o n  of t h e  i n p u t  t o  t h e  l o a d e r  i n  B a c k u s -  
W3ur ?oil! a n d  a h i b l i o g r x p h y .  

m .  - h i s  p a p e r  is meact t o  serve two c l a s s ~ s  of reiders. 

The f i r s t  s e t  of rea.lers may u s e  t h i s  p a p e r  t o  l e a r n  some oE 
thr? h s i c  t e c h n i ; u e s  i n v o l v e d  i n  the e x e c u t i o n  of a loader. 
?or t h e  other class of readers (those i n t e r e s t e d  i n  
m i c r o p r o g r a m m i n g )  t h i s  p a p e r  h a s  bean o r g a r i z e l  t o  p o i n t  
d i r $ t , t l y  t o  a microproqram i m p l e m e n t a t i o n  of  t h e  a l g o r i t h m  
p r o s e n  ts.1. 
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. ' l os t  c o n t e m p o r a r y  d i g i t a l  compiters 2re d e s i g n e l  t o  

e x e c i i t 3  p rograms c o n s i s t i n q  of m a c h i n e  i n s t r a c t i o n s  w i t h  
it-,soliit+? a d d r e s s e s ,  T h e s e  i n s t r u c t i o n s  a r e  s t o r e d  i:i a 

memQry c o n s i s t i n g  of a :;et of  regisr.ers, each w i t h  a u n i q a 2  

mernory a d d r e s s .  An z-fis_o&ute a;lpress d i f f e r s  f r o 2  a a2rnc3ry 

aJd.ress b y ,  ~lt  most ,  2 f i x e d  cor.starlt,* I n  p a r t i c u l a r ,  i f  3 

is t h e  s e t  of memory a d d r e s s e s ,  3nd h is  a h , ~ ~ . d w ' a r z  

adtires.;, & h e n  k is t h o  s e t  of i b s o l u t e  ad, l resses  pecTissit l l-? 

f o r  a ?rogram,  R={aja=ril-t\ I a L O ,  f o r  e v e r y  m i n  E ] -  ii 

progra in  w r i t t e n  i n  s u c h  n a c h l n e  i n s t r u c t i o n s  is  I=ailec! a n  
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o u t s i . l e  t h e  r a n g e  a ( 0 )  t o  a ( n - I ) ,  
Frograms art3 w r i t t e n  either i n  a s y r n b s l i c  3 s s e m S i y  

'l-inguaqi: o r  i n  a s y n b o l i c  p r o c e d u r a l  l a n g u a q e  o r  h o t h ,  T h e  

i;yq?>olic C 3 i i e  u s e d  in t h e  l a n q u a g e  r e f e r s  t o  i t e x : :  ~P*I 

l o c - 2 t i a n s  w i t h i n  t h e  p r o g r a m  t h r o u g h  assiqner l  ~yg?n~&ig 

_-------- ~;i l rc?s~jes .  It. is  u s u a l l y  i m p o s s i b l e  f o r  a pro.qrammer to 
g r a s p  a l l  of t h e  d o t a i l s  of a large program all a t  once s o  
t h a t  p rocr rarcs  a r e  r a r e l y  written i n  t h e i s  e n t i r e t y  a s  one 
l a r g ?  interlocked a l g o r i t h m .  I n  g e n s r a l ,  t h e y  are  w r i t t e n  
1:; a se t  of c D n t r o l  s e c t i o n s ,  A pqgyg&--sgcLigq is  a 
c ~ ~ t - i g u o u s  p i e c e  of a p r o g r a m ,  e i t h e r  a s u h p r o g r a r n  o r  p a r t  

of a s u b p r o g r a m  o r  a common area. A sgb_p3qyrm is 3 p a r t  of 

a pragram. S u h p r o g c a n s  refereRce l o c a t i o n s  b o t h  w i t h i n  jlnd 

w i t h o u t  t h e m s e l v e s .  A r e f e r e n c e  t o  a n o t h e r  s u b p r o g r a z  i s  

c a l l e d  a n  g g t g r n a l  refe_rcncgz A l o c a t i o n  i n  a s u b p r o g r a m  
t h ; i t  i s  ass iqned  a s y m h o l i c  name a n d  t h a t  caG be r e f e r e 2 c e d  
from a n o t h e r  s u b p r o g r a m  i s  c a l l e d  a qfobal address, An 
a d d r e s s  t h a t  is a n  arithmetic: c o m b i n a t i o n  o f  a d d r e s s e s  
v i t h i r ;  a n d  w i t h o u t  t h e  s u b p r o g r a m  i s  called a m g p l e x  

-------- a d d r e s s .  I n  a d d i t i o n ,  s u b p r o g r a m s  can s p e c i f y  a d a t a  a r ea  
a s  common t o  s e v e r a l  s u b p r o g r a m s .  Such an a rea  is c a l l e d  a 
common a rea .  If the c o n t e n t s  of t h e  common a r e a  a r e  
s p e c i f i e d ,  it is s a i d  t o  be a fief&ge_d common arga_: An 

e x a m p l e  o f  a d e f i n e d  common a rea  i s  t h e  FORTRAN block data. 
If t h e  c o n t e n t s  of t h e  common area a re  n o t  s p e c i f i e d  i n  a 
s u h p r o g r a r n ,  t h e r ,  i t  i s  s a i d  t o  be  a n  undef_ingd common--aygg 
a n d  is c o n s i d e r e d  n o t  t o  b e  a p a r t  of a s u b p r o g r a m .  

------------ . 

'The t r a n s l a t i o n  from s y m b o l i c  code  t o  e x e c u t a b l e  code 

o c c u r s  in t k i 3  s t e p s ,  D u r i n g  t h e  f i r s t  s t e p ,  t h e  s y m b o l i c  
c o d e  of a s u b p r o g r a m  i s  t r a n s l a t e d  b y  an assembler ( i n  thi 

case of  assembly l a n g u a g e )  or a c o m p i l e r  ( i n  t h e  case of a 
p r o c e d u r a l  l a E g u a g e )  t o  an i n t e r m e d i a t e  form t h a t  c a n  be 

l i n k e d  w i t h  t h e  o t h e r  s u b p r o g r a n s  t o  form the c o m p l e t e  
program, I n  t h i s  m a n n e r ,  s u b p r o g r a m s  writter, i n  d i f f e r e n t  
s y m b o l i c  l a n g u a g e s  c a n  be j o i n e d  t o g e t h e r .  This 
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t h u  s.irl;)roqran z o n t a i n s  i n f o r n a t i o n  w h i c n  3 1 ? 0 w s  it t o  3 

I . o c ~ t c ~ ~ 1  a t  a n  a h s o l u t e  a d d r e s s ,  T h e  m a c h i c e  i n < ?  t - * i T t i - ) q ;  

an? list!: i f i  t h e  r e l o c a t a b l e  e lemoil t  a r e  cd1it.l -3 r t ? 1 c 3 2 ~ i L 2 2 L ;  

c _ o a ~ .  A i  irssses w i t h i n  t h e  s u b p r v q r a m  a r e  re?latl ;r+ t r 3  ?,?,-I 

!_:e*.iin?.inc; of t h e  s u b p r o g r a m  and a r e  reill?c! g ~ & ~ : ~ ~ ~  

a 1 7resscf: T h o  rcl3catlahle e l - c m e n t  coq:;ist,i > f  tfi-? 

r + i o c a t + S l + ?  CQ,?'! a n 5  t a b i e s  o f  t h e  s y m b o l i c  ~ x c t e r i i ?  i 

refer7?1ices, t h e  s y m b o l i c  g l o b 3 1  a d l r e s s e s ,  t h ?  s y i n t t o l i c  

conmon a rens ,  ar.3 t h e  c o m p l e x  a d * l r e s s e s ,  F u n c t i a n s  t h a t  3ce  
oftei i  i1;i.a b y  one  o r  more p r o g r a m n e r s  a r e  writ tc?,~ .is 

sribpro3rams, t r a n s l a t e d  i n t o  r e l o c a t a b l e  e l e m e n t s ,  ?rid 

s t o r e d  or. m3ss s t o r a q e  i n  d subprogram l i b r a r y  € o r  l a t e r  
u s e ,  

It t h i s  p o i n t ,  t h e  c o ~ c e p t  of name s p a c e  a n d  a d 3 r Z s s  

s p a c e  a r e  r e - i n t r o d u c e d  [ 3 ] .  t\adyggs s p 2 c e  i s  t h t ?  set o f  

m e n 3 r y  l o c a t i o n s  <and is d e n o t s d  Y. ?&ig%i-~pg~g is  t h e  s e t  of 

acidrnssi?; u s e d  b y  1 proqrarn t o  refer w i t h i n  itself. This 
i n c l ! i d e s  b o t h  i n t e r n a l  a n d  e x t e r n a l  a d d r e s s e s .  Tne s e t  of 

i n t e r n a l  a d d r e s s e s  is c a l l e d  t h e  l o c a l  name  s p a c e  wnile the  

set of exterr ,a l  addresses  is ca l led  t h e  q&bm& naze  S D ~ C ~ .  

If "63 d e c o t e  t h e  local name space b y  N ,  t h e r ,  f o r  CI ' j e t  of 

cont . ro1 s e c t i o n s  { @ I ,  c2, c3, ck,), e a c h  has its o w ?  

l o c a l  n a m e  s p a c e  N j c l j  N ( c 2 ) ,  ,Y(c?) , N ( c k )  e Thr.  

l ocd l  name s p a c e  g e n e r a t e d  b y  a compiler  o r  assembler for a 

s u b p r o q r a m  J r e q u i r i n g  n l o c a t i o 3 s  i n  memory  is t h e  s ~ t  F ( J )  

= f 3 , 1 1 2 p e r e n a  n-11- T h e s e  a r e  t h e  r e l a t i v e  a d d r e s s e s  

d e f i n e d  aboTre, 

T i i s  second s t e p  of t h e  t r a n s l a t i o n  t o  e x e c u t a b l e  code 

f o r  d set of c o n t r o l  sections ( c l , c 2 ,  . + * , c k f  is  t o  a c i i i i s t  

t h e  l o c n l  name S P d C e  of e a c n  s u b p r o g r a n  s u c h  t h a t  
N ( C j ) = O ,  f o r  31i<k, l<j<k, i C j  ( w h e r e  0 is the  n u l l  

s e t ) ,  T h i s  p r o c e s s  i s  c a l l e d  E ~ ~ o c a t a b l e _ _ a l l o c a t ~ ~ ~  c ~ 2 4  

c o n s i s t ;  of a s s e m h l i n j  a l l  suhproqrams  Zecessary  t o  c o ~ p l . ~ f ~  

t h e  prcqraml l i n k i r , q  a l l  e x t & r n a l  r e f e r e n c e s  t u  tho 



c o ~ ~ ~ . ; p c ~ r , d i n c j  g l o b a l  a d d r e s s e s ,  a!: j u s t i n c j  t h e  s i z e  of COiPEOrt  

i r ~ a : ;  t o  r e f l o c t  t h e  l a r g e s t  d e c l a r e d  s i z e ,  I s s i g t i n q 3  eat\ 

c o n t r o l  s e c t i o r  C i  a n  a b s o l u t e  address s u c h  t%?t N ( C i )  is 
I i ; l i q u e ,  c o m p u t i n g  t h e  complex a d d r e s s e s ,  an6 t r a n s l a t i n g  a l l  
; c l x a t a k l l e  code  t o  e x e c u t a b l e  c o d e .  This f i n a l  :;top 

ad l jus t s  a l l  r e l a t i v e  a d d r e s s e s  i n  each  control section t o  
c o n f o r m  t o  t h e  DQW name s p a c e .  

71 *lie p r o d u c t  of t h e  t r a n s l a t i o n  is an e x z c u t a b l e  

p r y r a m ,  s u i t d b l e  f o r  loadinq i n t o  memory, called a n  
--.--------------- absolc te  e l e n e r i t .  T h e  abso iu te  e l e m e n t  cor . s i s t s  of (a) t h e  

e x e c u t a b l e  cod!", (b) i n f o r m a t i o n  a s  t o  t h e  l o c a t i o n  a t  which 
the e x e c u t a b l e  c o d e  i s  t o  b e  l o a d e d ,  a n d  (c) t h e  s t a r t i n g  
a d d r e s s .  The s&ayti&q- a d d r e s s  is t h e  a b s o l u t e  a d d r e s s  of 
t!ie f i r s t  instruction t o  b e  e x e c u t e d .  

The p r e v i o u s  s e c t i o n  i g n o r e d  the p r o b l e m  c r e a t e d  b y  t h e  

g r o u p  of p r o g r a m s  €or which t h e  name space e x c e e d s  t h e  
a d d r e s s  s p a c e .  T h e  s o l u t i o n  t o  t h e  p r o b l e m  is  t o  h a v e  a 
m e c h a n i s m  f o r  p l a c i r i g  o n l y  a p o r t i o n  of a p r o g r a m ' s  name 
space i n t o  address s p a c e  a t  a n y  o n e  time. Many s p e c i f i c  
m e t h o d s  of i m p l e m e n t a t i o n  e x i s t  s u c h  a s  p a g i n g  a n d  o v e r l a y .  
T h i s  r e p o r t  w i l l  l i m i t  i t s e l f  to o v e r i a y .  

O v e r l a y  a p p l i e s  t o  those p r o g r a m s  t h a t  r e q u i r e  ci 

sequence of s e p a r a t e  fu rc t ions ,  r e p r e s e n t e d  a s  one o r  more 
s u b p r o g r a m s ,  t o  b e  a p p l i e d  t o  ar. i n p u t  d a t a  s e t .  T h e  

a g g r a g a t e  of a l l  t h e  s u b p r o g r a m s  exceed the a v a i l a b l e  memory 
space, but t h e  r e q u i r e m e n t  of mernory s p a c e  a t  a n y  o n e  time 
l i e s  x e l l  w i t h i p .  t h e  limits. 

T h e  t e c h n i q u e  of o v e r l a y  i s  o u t l i n e d  b y  t h e  f o l l o w i n q  
s i m p l e  e x a m p l e .  T h e  u s e r  program is d i v i d e d  i n t o  b l o c k s  o f  

c o n t i g u o u s  code, t e r m e d  s e g m e n t s ,  t h e  functions o f  w h i c h  3re 



T h e  concep t  of  a main program csllir1-j d Seri?S of 

i n d e p s n d e n t  s u b p r o g r a y s ,  e a c h  s u b p r o n r a a  ir; a S P P ~ C ~ * -  

segment, l e n d s  i t s e l f  t o  e x t e n s i o n ,  :f each  ;u:iprcjrarn is 
v i e w e d  the same way { i . * p e r  as k-cir,c; a sequczce o t  r i u t i i a i l y  

i n ? i a p c ? n 3 e n t  s u b p r o g r a m s  called b y  a main procrr3rc) , t h e n  t h e  

seamerited s t r u c t u r e  ca? be t h e o r e t i c a l l y  e x t s n d - 3 . 1  + o  a!? 
i n d e f i n i t a  numSpr  of I p v ~ l s .  
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An i n t e r p r e t a t i c n  of  t h i s  e x t e n t i o n  to t h e  o v e r l a y  

: : t r u c t u L n  is t h e  t r e e  s % r u c t u r c ,  In t h e  t - ree  S t r i l C t U C . ? ' ,  t h Z 2  

m i n  :;ecjriient is t e r x e d  t h e  r o o t ,  a n d  all segroent:;  i f .  

r l i rect iy  references a r e  considerpd a s  r o o t s  t o  c s u h t r e p s ,  A 
single s n g m e n t .  s u b - t r e e  is c a l l e d  a t w i g .  S i n c e ,  i n  a ?.L.PC, 

t h 2 r e  3 r e  n o  c i r c u i t s ,  the d e f i n i t i o n  i m p l i e s  t h a t  b e t w e e n  
t h e  root aril a n y  t w i g  t h e r e  i s  a c n i q u e  p a t h .  

J i t k i n  t h e  s t r u c t u r e ,  a s u b - t r e e ' s  r o o t  s e g m e n t  h a s  a 
' r e v e l  . l e l i n n d  b y  t h e  n u m b e r  of s e g m e n t s  a b o v e  it (t.ow2rd t h e  

r o o t ) .  ?o r  e x a r i p l e ,  t h e  m a i n  s e g m e n t ' s  l e v e l  i s  0 ,  the 

seginent r ;  i t  r e fe r s  t o  h a v e  level 1 ,  etc,  F i q u r e  1 ( a )  shows 
a t r ee  s t r u c t u r e  of  a s e g t r t e n t e d  p r o g r a m  a n d  F i g u r e  l ( b )  t h e  
c o r r e s p o n d i n g  mernory a l l o c a t i o n  of t h e  s e g m e n t s .  T h e  

h o r i z o n t a l  l i n e s  s e p a r a t e  s c q m e n t s  t h a t  o c c u p y  core a t  t h e  
sane ti1P.e; t h e  v e r t i c l e  l i n e s  s e p a r a t e  s e g n e n t s  t h a t  o v e r l a y  
each  ocher .  For e x a m p l e ,  b r a n c h e s  A-E a n d  B-S-I! c a n n o t  
e x i s t  i n  memory a t  the same time. 

M3r,y c Q n v e n t i D n a l  1 . o a d e r s  u s e  t h e  c o n c e p t  of a tree- 
s t r u c t u r z  o v e r l a y .  T h i s  p h i l o s o p h y  requires t h a t  311y one 
s e g m e n t  c a r :  d i r e c t l y  access o n l y  i t s  own d e s c e n d a n t s  o r  
s e g m e n t s  o f  w h i c h  i t  i s  a d e s c e n d a c t .  T h e  a d v a n t a g e s  t o  
t h i s  t y p e  of  s t r u c t u r e  a r e  i n  t h e  p l a c e m e n t  of c o n t r o l  
s e c t i o n s  (common a reas  o r  s u b p r o g r a m s )  r e f e r e n c e d  i n  
a v e r l a y i n g  b r a n c h e s .  T h e s e  are l o g i c a l l y  p l a c e d  i n  a root  
s e g m e n t  of b o t h  b r a n c h e s .  Both t h e  IBM 7090/7094 Loader,  

I Y L D i 3  [ 4: and t h e  I B r i  S y s t e m  360 L i n k a g e  E d i t o r  [ S ]  e m p l o y  
the t ree  structure. H o w e v e r ,  t h e  Linkage E d i t o r  a. l lows t h e  

user t o  d i v i d e  h i s  a d d r e s s  s p a c e  i n t o  r e g i o n s ,  e a c h  w i t h  i t 5  

own tree s t r u c t u r e ,  and a l lows  r e f e r e n c e s  between r a g i o n s .  



13 

(a) Tree structure 

A. 
(b) Meqory allocation of the- tree 

structure 

overlay- 

A B 

H I 

. -  

' ( c )  Non-tree structure 

MAIN 

(d) , Memory allocation of the non-tree 
s truct-ure 

overlay- 

r l  I 

A B C D 

J 

used 

Figure 1 



14 

However, a s  t h e  r e s p o n s i b i l i t y  f o r  f i e f i n i t i o n  of t h e  

o v e r l a y  s t r u c t u r e  i s  g i v e n  t o  t h e  u s e r ,  i t  seems u n w i s e  t o  
iii:pose zr,y s t r u c t u r a l  l i m i t a t i o n s  u p o n  h i m  t h a t  can he 

a ~ o i  :'?ae 12 p a r t i c u l a r ,  t h e  i m p o s i t i o n  of  a t r ee  structure 
d o q s  z o t  allow s e p a r a t e  b r a n c h e s  t o  r e f e r e n c e  t h e  same 
s ~ h p r o ~ ~ r a r n  u n l e s s  t h a t  s u b p r o g r a m  e x i s t s  i~ a s e g m e n t  t h a t  

i s  3 comaon root  t o  b o t h .  F o r  e x a m p l e ,  i n  F i g u r s  1 ( a ) ,  
secjmsnts 3 a n d  F c a n  o n l y  refer  t o  s u b p r o g r a m s  i n  s e g m e n t  
M A I N ,  ( A r g u m e n t s  a g a i n s t  t h e  r i g i d  t ree  s t r u c t u r e  h a v e  beer i  

outlined b y  B e r n a d i n e  L a n z a n o  i n  [ 6 1). 
I n  o rde r  t o  allow a s  much f r e e d o m  as  p o s s i b l e ,  t h e  

l o a j e r  d e s c r i b e d  h e r e i n  leaves the d e f i n i t i o n  or' t h e  

striicture t o  t h o  u s e r .  T h i s  i s  t h e  m e t h o d  u s e d  by  t h e  

u>unc col lec tor :  17 3.  A m u l t i - l e v e l e d  s t r u c t u r e  is 
a v a i l a b l e ,  but there is no i m p l i c i t  tree s t r u c t u r e  i n  i t ,  
SeTmer-ts t h a t  d i r e c t l y  p r e c e d e  a s e q m e n t  i n  t h e  s t r u c t u r e  
a r e  c a l l e d  t h e  p r e d e c e s s o r s  of t h a t  s e g m e n t ,  w h i l e  the 
s e g m e n t s  t h a t  d i r e c t l y  fol low t h e  segment a re  c a l l e d  t h e  
successors of t h a t  s e g m e n t .  F i g u r e s  1(c)  a n d  1 ( a )  p r e s e n t  
a n  e x a m p l e  of t h i s  t y p e  of s t r u c t u r e  a n d  a l l o c a t i o n ,  In t h e  
e x a m p l e ,  s e g m e n t s  A,B,C,and D a r e  s u c c e s s o r s  of s e g m e n t  
R A I N ,  but s e g m e n t s  G , I ,  a n d  D a r e  p r e d e c e s s o r s  o f  s e g m e n t  J. 
Xt s h o u l d  be n o t e d  t h a t  t h e  n a m e s  i n  the e x a m p l e  a r e  
a s s i g n e d  t o  t h e  s e g m e n t s  a n d  n o t  t o  memory  l o c a t i o n s  ( L e . ,  
t h e  name i m p l i e s  a n  area of memory,  n o t  a p o i n t  i n  m e m o r y ) .  

2.2-2 Lgter-sgqsgnt T r a n s f e r s  

An i n s t r u c t i o n  t h a t  t r a n s f e r s  c o n t r o l  from one s e g m e n t  
t o  a n o t h e r  is c a l l e d  an i n t e r - s e g m e n t  t r a n s f e r .  A l o a d i n q  
s u b p r o g r a m  (named $LINK$ h e r e i n ) ,  is p r o v i d e d  by t h e  s y s t e m  
t o  p e r f o r a  i n t e r - s e g m e n t  transfers. Its t a s k  i s  n o n -  
t r i v i a l .  It m u s t  i d e n t i f y  t h e  i n s t r u c t i o n  request w i t h  a 



p a r t i c u l a r  l o c a t i o n  i o  a s e g m e n t ,  c h e c k  t o  see i f  t h a t  
segment i s  i n  Remory  a n d  i f  n o t ,  l o a d  t h e  s e g m e n t  i n t o  t h e  

p r o p e r  l o c a t i o n  i n  mail: memory. O n c e  l o a d e d ,  c o n t r o l  m u s t  
be t r a n s f e r e d  t o  t h e  correct l o c a t i o n  i n  t h e  s e g m e n t ,  T h e r e  

a r e  e x t e n s i o n s  of t h i s  list of r e q u i r e m e n t s ;  f o r  e x a m p l e ,  
the s a v i L g  of t h e  b l o c k  of memory  w h i c h  was o v e r l a i d ,  T h i s  

p a p e r  w i l l  n o t  be c o n c e r n e d  with f u r t h e r  r e f i n e a e n t s  of t h e  

o v e r l a y  c o n c e p t .  S u g g e s t i o n s  for  f u t u r e  research w i l l  he  

€ o u n d  a t  the c o n c l u s i o n  of t h i s  p a p e r .  
An i n t e r - s e g m e n t  t r a n s f e r  i s  p o s s i b l e  o n l y  from b r a n c h  

i n s t r u c t i o n s  r e f e r i n j  t o  a g l o b a l  a d d r e s s ,  O n l y  t h e s e  

addresses  a l low t h e  ioader  t o  d e t e r m i n e  t h e  s e g m e n t  t o  w h i c h  

t h e  t r a n s f e r  is b e i n g  made. T h i s  does  n o t  i n c l u d e  b r a n c h  
i n s t r u c t i o n s  s u c h  as  s u b p r o g r a m  r e t u r n s  ( e - g . ,  i n  most 
m o d e r n  c o m p u t e r s ,  t h e s e  are  i n s t r u c t i o n s  t h a t  b r a n c h  t o  t h e  
ad3re.s;: c o n t a i n e d  i n  a n  i r . d e x  r e g i s t e r ) ,  I n  t h e s e  r e t u r n  
i n s t r u c t i o n s  t h e r e  is n o  way t o  r e c o g n i z e  t h a t  t h e  b r a n c h  
i n s t r u c t i o n  s h o u l d  be p r e c e d e d  b y  a s e g m e n t  o v e r l a y .  T h i s  

is the p r i m a r y  r e a s o n  that i n t e r - s e g m e n t  t r a n s f e r s  are t o  be 
a v o i d e d  S e t w e e n  s e g m e n t s  t h a t  o v e r l a y  e a c h  o t h e r .  An 
e x c e p t i o n  t o  t h i s  i s  when a l l  r e f e r e n c e s  b e t w e e n  s e g m e n t s  
t h a t  o v e r l a y  e a c h  other a r e  e x p l i c i t ,  a s  i n  t h e  case of co- 

r o u t i n e s  f 13 3 [ 143. In t h e  case of e x p l i c i t  r e f e r e n c e s  
b z t w e e n  s e q m e n t s ,  t h e  c e c e s s i t y  of a r e s i d e n t  main proqraa 
is  o b v i a t e d ,  T h e r e f o r e ,  t h e  only r e q u i r e d  r e s i d e n t  p o r t i o n  
of t h e  p r o g r a m  is the s e g m e n t  l o a d i n g  s u b p r o g r a m  a n d  t h e  

l i n k a g e  t a b l e .  
T h e  m e c h a n i s m  c a n  be  d e s c r i b e d  a s  fo l lows :  ( 1 )  f o r  

e v s r y  g l o b a l  a d d r e s s  t h a t  is referred to from a n o t h e r  
s e g m e n t  a n d  t h a t  is i n  a c o n - r e s i d e n t  s e g m e n t  ( o n l y  t h e  m a i n  
segment  is r e s i d e n t ) ,  p r o v i d e  a u n i q u e  r e s i d e n t  aildress 

ca l la3  the l i n k a g e  a d d r e s s ,  ( 2 )  a t  this a d d r e s s  place t h e  
a c t u a l  absolute address  of t h e  global a d d r e s s ,  i t s  

c o r r e s p o n d i n g  s e q m e n t  i d e n t i f i e r ,  and a b r a n c h  i n s t r u c t i o ? !  
that b r a n c h e s  t o  a r o u t i n e ,  $LINK$;  ( 3 )  a t  each reference t o  
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t h e  g l o b a l  a d d r c s s  from a n o t h e r  s e g m e n t ,  f u r n i s h  the 

c o r r e s p o n d i n g  linkage a d d r e s s ;  and  {Q) i n c l u d e  i n  t h e  m a i n  
s e , j m e n t  t h e  r o u t i n e ,  $LINK$, a n d  a l is t  of s e g m e n t s  a n d  

t h e i r  mass s t o r a g e  l o c a t i o n s .  T h e  e f f ec t  is t o  force 3 

b r a n c h  t o  t h e  d y n a m i c  l o a d i n g  r o u t i n e ,  $ L I N K $ ,  a t  e v e r y  
i n t e r - s e q m e n t  t r a n s f z r ,  $ L I N K $  l o a d s  t h e  correct s e q m e n t ,  
i f  n o t  i n  core ,  a n d  t r a n s f e r s  to t h e  c o r r e c t  a d d r e s s .  T h e  

d e f i n i t i 9 , n  of t5e e n t r i e s  a t  t h e  l i n k a g e  a d d r e s s e s  ( l i n k a q e  

t a b l e )  a n d  t h e  s e q i n e n t  list ( s e g m e n t  t a b l e )  can be f o u n d  i n  
s e c t i o n  2.2. 

I n  t h e  cases i n  which t h e  u s e r  desires t o  o v e r l a y  
s e g m e n t s  t h a t  c o n t a i n  o n l y  da t a ,  a d i f f e r e n t  f a c i l i t y  is 
r e g u i r e d .  A s  no  t r a n s f e r  w i l l  o c c u r ,  a u t o m a t i c  l o a d i n g  is 

* d i f f i c u l t  t o  implement, Howeverq a s i m p l e  s o l u t i o n  is t o  
h a v e  t h e  u s e r  r e q u e s t  a segment be l o a d e d ,  T h i s  is easily 
effected b y  a d d i n g  an e n t r y  p o i n t  i n  $ L I N K $  t h a t  is b r a n c h e d  
t o  w h e n e v e r  l o a d i n g  is  n e c e s s a r y  a n d  a d d i n g  t h e  s e g m e n t  mme 
t o  t h e  s e g m e n t  table ,  

A n o t h e r  e n h a n c e m e n t  t o  the s y s t e m  w o u l d  be t o  h a v e  
$ L I N K $  r c s v a p "  s e g r a e c t s  (i.e. , c o p y - o u t  a n d  c o p y - i n )  i n  order 
t o  p r 2 s e r v e  t h e  c h a n g e s  made w i t h i n  a n y  one s e g m e n t ,  Xt 
s h o u l d  b e  n o t e d  t h a t  t h i s  requires  c h a n g e s  o n l y  t o  t h e  
d e f i z i t o r  of $LZNK$ a n d  n o t  t o  t .he l o a d e r  a lgo r i thm.  

2.2.3 Segmenting 

'Sh2 s e g m a n t i n j  of t h e  p r o g r a m  is primarily a 
r e s p o n s i b i l i t y  of the user. The user m u s t  s p e c i f y  w h i c h  of 
h i s  s u b p r o g r a m s  must a p p e a r  w i t h i n  each s e g m e n t .  H o w e v e r ,  
i t  is t h e  l oade r  which Ferforuts t h e  s u b p r o g r a m  l i b r a r y  
s e a r c h  a n d  at taches these t o  the p r o g r a m .  I C  a d d i t i o n ,  t h e  

l o a d i r  m u s t  d e c i d e  w h e r e  t o  l o c a t e  t h e  u n d e f i n e d  common 
areas. T o  w h i c h  s e g m e n t  does the loader  a t t a c h  t h e  l i b r a r y  
s u b p r o g r a m  or u n d e f i n e d  common area? T h e  a n s w e r  must 
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s a t i s t y  t h r e e  rules:  
( 1 )  T h e  loa- ler  s h o s l d  n e v e r  b e  r e s p o n s i b l e  f o r  i n t e r -  

s e g m e n t .  t r a n s f e r s  between s e g m p n t s  t h a t  o v e r l a y  
e a c h  o t h e r .  T h i s  is  a d e c i s i o n  t h a t  m u s t  b e  left 
t o  t h e  xser, 

( 2 )  The l o a d e r  s h o u l d  a t t e m p t  t o  minimize  t h e  number 
of s e g m e n t  l oads  a s  t h e s e  r e q u i r e  a s u s p e n s i o n  of 
com p u t a t  ion. 

( 3 )  T h e  l o a d e r  s h o u l d  n o t  be r e s p o n s i h l e  for i n t e r -  
s e g m e n t  r e f e r e n c i n g  of d a t a ,  R e f e r e n c e s  of t h i s  

t y p e  d o  not i n v o l v e  a b r a n c h  of c o n t r o l  a n 3  make  
t h e  t 3 s k  of a u t o m a t i c  s e g m e n t  l o a d i n g  e x t r e m e l y  
b i f f i c u l t .  (Note t h a t  t h i s  d o e s  not p r e c l u d e  
d e m a n d  1 o a i i i r . g  of  d a t a  s e q m e n t s  t h r o u g h  $LINK$.) 

T h e  s o l u t i o n  c h o s e n  t o  solve t h e  o v e r l a y  p r o b l e m  is 
b a s e d  upor. its s i m p l i c i t y  of i m p l e m e n t a t i o n .  As t h e  l o a d e r  
e n c o u c t e r s  references t o  l i b r a r y  s u b p r o g r a m s ,  i t  a t t a c h s  t h e  
s u b p r o g r a m  to t h e  segment t h a t  c o n t a i c s  t h e  reference, If  a 

l i b r a r y  s u b p r o g r a m  i n  segment  A references a g l o b a l  a d d r e s s  
ir, 3 s e g m e n t  which w i l l  o v e r l a y  s e g m e n t  A ,  t h e n  t h e  l i b r a r y  
s u b p r o c j r a m  is d e t a c h e l l  from segment  A and a t t a c h e d  t o  t h e  
main s e g m e n t  (always r e s i d e n t . ) .  This a l s o  occurs i f  t h e  
l i h r a r y  s u b p r o g r a m  i n  s e g R e n t  A is r e f e r e n c e d  from a n y  o t h e r  
s e g m e n t .  U n d e f i n e d  common a reas  a r e  a t t a c h e d  t~ t h e  m a i n  
s e g a e n t  a u t o m a t i c a l l y ,  T h i s  s o l u t i o n  s a t i s f i e s  t h e  t h r e e  
r u l e s ,  

A l t h o u g h  the  above m e t h o d  is s i m p l e  t o  i m p l e n e n t ,  i t  

may i n c r e a s e  t h e  size of t h e  m a i n  segment an u n d u e  a m o u n t ,  
R more s a t i s f a c t o r y  R e t h o d ,  a l t h o u g h  more c o m p l i c a t e d ,  would 
be to horrow ?the method of t h e  t r e e - s t - r u c t u r e d  o v e r l a y ,  an2 
move t i iz  cammon a rea  o r  s u b p r o g r a m  t o  t h e  n e a r e s t  common 

, p r e d e c e s s o r  s e g m e n t ,  
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W i t , > i n  t h i s  p a p e r ,  t h e  f u n c t i o n s  of the l o a d e r  v i l l  b e  

t I~Z i : . o ( l  a s  t h o s e  f u n c t i o p s  o c c u r i c g  i n  t h e  s e c o n d  S ~ P F  of 

r i i c  t r c i r s l a t i o n  f r o &  s y m b o l i c  c o d e  t o  e x e c u t a b l e  co?e 3 r d  
e .  i m n L e n e n t a t i o r i  of o v e r l a y  ( s e c t i o n s  2 . 1  a n d  2 . 2 ) .  

? : L e f l y ,  t h e s e  c a n  be o u t l i n e d  as: 
( a )  s u h p r o 7 r a m  collection, 
( b )  i n t e r - s u 5 p r o g r 3 m  l i n k a g e ,  
( c )  a d j u s t m e n t .  of r.ame s p a c z ,  
( i) r e i o c a  t n b  l e  t r a n s l a t i o n ,  
( e )  o v e r i a y  i m p l e m e n t z t l o n ,  
( f )  l o a d i n g  of the proqram. 
rh?.se are 2 r i m a r i l y  t h e  f u n c t i o n s  p e r f o r m e d  b y  t h e  

l o a d Q r s  ir. s y s t e m s  s u c h  as t h e  G E  635, CDC 6 0 0 0  series, I39 
7 C 3 r ) / ’ i l c t ~  Y B J G H  S y s t e m  arid the I J N T V A C  1107 EXEC 2 S y s t e a .  
i io;tevt?r,  more recer!t s y s t e m s  have  i n c l u d e d  p r o c e s s o r s  t h a t  
nrrform a l l  the f u r ? c t i o n s  short of p r o g r a m  l o a d i n q .  
!:xdnp:t>s o f  t h e s e  a c e  t h e  L i n k a g e  E d i t o r  of  t h e  IBM 360  

S e r i n s  a n d  t h e  C o l l e c t o r  of t h e  U N I V A C  1109-  A few s y s t e m s  
h a v e  a d i f f e r e n t  C O I I C E ~ ~  of name s p a c e  a n d  r e q u i r e  t h a t  o n l y  
a s u 5 ; s t  of these f u n c t i o n s  b e  p e r f o r m e d ,  T h e  B u r r o u g b s  
U’i500 x e s  c z t d r e s s i n g  r e l a t i v e  t o  h a r d w a r e  r eg i s t e r s  a n 3  
t t ? C ! z e f O r c  lws RQ’ r equ ire  a d j u s t m e n t  3f t h e  name s p a c e  a t  
l o a d - t i n e  111. T h e  E U L T I C S  system p e r f o r m s  its l o a d i n g  
r : y c a n i c z l l y  a t  e x e c u t e  time i n  a v i r t u a l  memory  s y s t e m  and  

therefore i n c l u d e s  t h e s e  f u r , c t i o n s  s e p a r a t e l y  w i t h i r ,  t h e  
w h o l e  s y s t e m  s t r u c t u r e  1.2 3. 
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Tkerefore ,  a l t h o u g h  t h e  f u n c t i o n s  p r e v i o u s l y  a s s i g n e d  
to til? loader dre L O W  b e i n g  r e a s s i g n e d ,  t h e s e  f u n c t i o n s  are 
t e l n q  periormed b y  nioderr, systems, For t h i s  r ea son ,  w e  a r e  
j u s t i f i d  i n  s t u d y i n g  t h e  l oade r  as  a s i n g l e  s u b s y s t e m -  



I n  a d d i t i o n  t o  t h e  c r i t e r i a  o f  ? D r t 2 b i l i t y ,  

r e l i a S i ? r t y ,  s n d  s h o r t  l e a d  tine p c e s e n t e d  i n  s e c t i o c  1 ,  t h z  

i 1 g o r i t i i n  is d e s i g n e d  w i t h  t h e  f o l l o w i n g  c r i t F r i n  i n  m i n d :  

(2) si;c;~&iAi&y e The algorithm s h o u l d  ne e a s y  t o  
f 01 1 3 ;i 0 

( S )  E f f i c i e n c y  e T h e  a l g o r i t h m  s h o u h i  riot v a s t e  

p r o c e s s i n g  t i m  o r  memory n e e d l e s s l y ,  
(c) -------------------_------- Miriimum r e s t r i c t i o n  o n  u s e r  T h i s  a l g o r i t h w  

s h o u l d  m i n i m i z e  u s e r  r e s t r i c t  i o n s ,  
( a )  Elchine- i n d e p g q g n c e  T h e  a l g o r i t h m  s h o u l d  not 

make u n d u e  a s s u m p t i o n s  a s  t o  t h e  hardware 
c o n f i g u r a t i o n  o r  bas i c  operating s y s t e m  
p h i l o s o p h y .  

Thn first t h r e e  c r i t e r i a  a r e  u s e r !  a s  t h e  b a s i s  f o r  d e c i s i o n -  

m a k i n g  where a l t e r n a t i v e s  p r e s e n t  t h e m s e l v e s .  T h e  f o u r t h  

c r i t e r i a  is met b y  p r e s e n t i n g  t h e  a l g o r i t h m  i n  t h e  
s n v i r o n m z n t  of a minimal s y s t e m ,  I n d e e d ,  t h e  l o a d e r  was 
chaser, fcr t h i s  s t u d y  i n  t h a t  i t  itself defines a m i n i m a l  
o p 2 r 3 t i c g  s y s t f m ,  

T h e  loader desc r ibed  is c o c s i d e r e d  t o  be o n e  s u b s y s t e m  
0 5  t h e  operating system, The o p e r a t i n g  s y s t e m  is d e f i n e d  a s  
a numbc?r of subsystems ( l a n u u a g e  p r o c e s s o r s ,  file r o u t i n e s ,  
the I / O  control system, e tc , )  u n d e r  c o n t r o l  of a m o n i t o r  
p r o q r a m .  One of  the m o n i t o r ' s  f u n c t i o n s  is t o  i n t e r p r e t  
s y s t e ~  c o n t r o l  c o m m a n d s  i n  t h e  i n p u t  s t r e a m ,  F o r  some i n p u t  
cotr,m6z2?ii, t h e  mocitor l o a d s  a p r o g r a m  from mass s t o r a g e  t o  

m2inory a n d  r e l i n q u i s h e s  c o n t r o l  ?to the p r o q r a m .  A p r o g r a n  



20 

XI! h? d s y s t e m  processor o r  a u s e r  p r o g r a m ,  u., 92 

c o ~ ~ p l e t i o n  of  t h e  p r o g r a i n  t h e  rnonitor a s s u r n e s  cor . t ro1 a n 1  
i n + e r F r e t s  t h e  n e x t  c o n t r o l  command. 

T h e  o p e r a t i n g  s y s t e i n  o p e r a t e s  w i t h i n  a c o n v e n t i c n a l  
11i;iti.l c o n i p u t e r  c o n s i s t i n g  cf a c q n t r a i  p r o c e s s i n g  u n i t  

t h a t  G p e r a t s s  on t h e  cor : ter , ts  of t h e  m 3 i n  m e n o r y .  An 

a u x i i i - i r y  memDry, t e r m e d  mass storage, is  p r a v i d e 2  f o r  

i n fo r r r , a t ion  s toraqz.  T h e  m a i n  memGry ,  h e r e a f t e r  c a l l e d  t h e  

mem3ryI  c o n s i s t s  of a s e t  of a d d r e s s a b l e  r e g i s t e r s ,  t h e  

co~tc!gt:; of w h i c h  are c a l l e d  memory srords. Mass s t o r a g e  
w i l l  be c a n s i d e r e d  to be a n u m b e r  of a d d r e s s a b l e  s tora3e  
d e v i c e s ,  called 1/0 u n i t s  t h a t  s tore  i n f o r m a t i o c  l i n e a l l y  i n  
b l o c k s  o f  i n f o r m a t i o n  c a l l e d  r e c o r d s .  .2 r e c o r d  is  d e f i n e 3  
a s  c 3 n t a i n i n g  a n  i n t e g r a l  n u m b e r  o €  n e i n o r y  w o r d s .  Any one 
I / O  u n i t  is l i m i t e d  t o  a d d r e s s i n g  records ( i .e. ,  s i n g l e  
words c z n n o t  h e  d i s t i n g u i s h e d  i n  t h e  I / O  u n i t ) .  

T h e  a l g o r i t h m  is  b a s e d  i n  a w o r d  a d d r e s s a b l e  memory b u t  

it i s  e a s i l y  t r a n s l a t e d  t o  a b y t e  a d d r e s s a b l e  m a c h i n e .  I n  
f3c t ,  opce the a l g o r i t h m  i s  e x a m i n e d  it will be s e e n  t h a t  a 
b y t e  a d d r e s s a b l e  m a c h i n e  w o u l d  be p r e f e r a b l e .  

I n  order t o  c l a r i f y  the a l g o r i t h m ,  ar. e x a m p l e  is t r a c e d  
t h r o u g h  th-e major s t e p s ,  T h i s  r e q u i r e s  t h a t  t h e  r n a c h i n e  
e n v i r o n m e n t  i n  w h i c h  t h e  l o a d e r  o p e r a t e s  be s p e c i f i e d  a s  t o  
word a n 3  f i e l d  l e n g t h s .  It s h o u l d  b e  n o t e d  t h a t  t h i s  is 

d o n e  nct tc restrict  t h e  a l g o r i t h m ,  but t o  c l a r i f y  the 
e x a m p l e .  

T h e  format c h o s e n  is b a s i c a l l y  t h a t  of t h e  IBEP. 

7090/7094 [8]. T h i s  h a s  t h e  a d v a n t a g e  of a l l o w i n g  a d i r e c t  
c o m p a r i s o n  of two s y s t e m  a p p r o a c h e s ,  A memory word is  

d e f i n e 5  a s  3 6  b i t s  of i n f o r m a t i o n .  T h e s e  b i t s  w i l l  b e  
n u m b e r e d  l e f t  t o  r i g h t  from 0 t o  35, E a c h  mgmory word is  
addres sed  b y  a 1 5 - b i t  add res s .  T h e r e  are  two a d d r e s s  f i e l d s  
i n  a n e n o r y  word, b i t s  3 t h r o u g h  17 i n  t h e  f i rs t  h a l f  of t h e  

word a n d  bits 21-35  i n  t h e  s e c o n d  h a l f  of t h e  word. E a c h  
word  i s  l o g i c a l l y  d i v i d e d  i n t o  6 g r o u p s  of 6 S i t s  each 



2 1  

c a l l e d  , c h a r a c t e r s  a n d  4 g r o u p s  Q f  9 b i t s  e a c h  z i l l e l  byte.;. 

T h i s  f l i s t i c c t i o n  between t h e  c h a r a c t e r  s i z e  a n 6  b y t e  s i z e  is 
made solely b e c a u s e  it is  c o n v e n i e n t  t o  t h e  d e s c r i p t i c n  .nE 

t h e  a l q o r i t h m .  

2.4-2 za_sic R e s t r i c t i o n s  On  F o r m a t  

As i n f o r m a t i o n  i n  a c o m p u t e r  is a l l  numerical  ( c o d e d ) ,  

a m e t h a d  of i n t e r p r e t a t i o n  m u s t  e x i s t  w h i c h  i s  nor,- 

a m b i g u o u s ,  T h e  i n t e r p r e t a t i o n  of d p i e c e  of  co3ed 

i n f o r m a t i o n  i s  n o t  3 f u n c t i o n  of t h e  da t a ,  r z t t h e r  i t  i s  a 
f u n c t i o n  o f  t h e  i n t e r p r e t e r  ( e - g . ,  i f  a n  a r i t h m e t i c  

i n s t r - J c t i o n  e x p e c t s  t o  f i n d  a f l o a t i n g - p o i n t  n u m b e r  a t  a 
g i v e n  adc',ress i t  w i l l  i n t e r p r e t  w h a t e v e r  d a t a  is i n  t h a t  

l o c a t i o n  a s  a f l o a t i n g  p o i n t  n u m b e r ) .  T h e r e f o r e ,  t h e  

l o c a t i o n  a n d  e x t e n t  of a p i e c e  o f  i n f o r m a t i o n  m u s t  b e  made  

knoun t o  the i c t e r p r e t i n g  f u n c t i o n ,  
An a d d r e s s a b l e  p i e c e  of i n f o r m a t i o n  is a f i e l d ,  F i e l d s  

may h a v e  a v a r i e t y  o f  s i z e s  {the l a rger  t h e  f i e l d ,  t h e  IIiorp 

i n f o r m a t i o n  i t  c a n  h o l d )  e T h e  location of a f i e l d  is 

s p e c i f i e d  b y  a n  a d d r e s s .  An a d d r e s s  is a l k - a y s  r e l a t i v e  t o  
some p o i n t :  t h e  f irst  l o c a t i o n  i n  core,  a n o t h e r  a d d r e s s ,  or  
s i m p l y  t h e  n e x t  p i e c e  of i n f o r m a t i o n -  I n  a b i n a r y  c o m p u t e r ,  
i?ven  t h o u g h  c o n v e n t i o n a l  a d d r e s s i n g  may b e  word  o r  b y t e  ( a n  

i n e e g r a l  p a r t  of a word ) ,  it i s  g e n e r a l l y  p o s s i b l e  t o  
e x t r a c t  i n f o r m a t i o n  b y  b i t s ,  A f i e l d  may b e  c o m p r i s e d  of a 
s i n g l e  b i t  ( i f  t h e r e  a re  o n l y  two c o n d i t i o n s  f o r  t h e  p i e c e  

of i n f o r m a t i o n  it r e p r e s e n t s )  e 

The a d d r e s s  of a f i e l d  m a r k s  the b e g i n n i n g  oE t h e  

f i e l d .  T h e r e  are  two c o n v e n t i o n s  f o r  i n d i c a t i n g  t h e  e x t e n t  
of a f i e l d ,  O n e  is t o  m a r k  the  e n d  o f  a field w i t h  some 

u n i q u e  c o d e ,  T h e  other is t o  p r o v i d e  a p r i o r i  knG.rsled.;e of 

the Z i e l d  l e n g t h ,  

T h e  problems w i t h  u s i n g  a m a r k  t o  d e n o t e  a n  e n d - o f -  

f i e l d  c o n d i t i o n  are: ( 3 )  a s p e c i f i c  code p a t t e r n  is  Eade 
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u n a v a i l a b l e ,  a n d  (2) in terpre ta t ion  of f i e l d s  of this t y p s  
is slower because of the search a n d  test operations. A 

p r i o r i  knowledge of f i e l d  l e n g t h s  presents i t s e l f  a s  t h e  

hest a l t e r n a t i v e  i n  this a p p l i c a t i o n  for several reasons: 
[ I )  t .he knowledge exists a s  a b y - p r o d u c t  o f  t h e  r e l o c a t a b l e  
m a c h i n e  l a n g u a g e  generation, ( 2 )  e f f i c i e n t  u s e  can b e  made 
of sntafi fielCis, and ( 3 )  r e t r i e v a l .  of a field of i n f o r n a t i o n  
i s  faster, 
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T h i s  s e c t i c n  d f s c r i t e s  t h e  i n p u t s  a r d  c u t F u t  cf t h e  
leader i n  d e t a i l . .  T h e  i n p u t  t o  t h e  ICader  i s  t h e  o u t F u t  
frcrr t h e  systemqs l a n g u a g B  processors. As t h i s  r e p c r t  
C C V E ~ S  t h e  f u n c t i o n  cf the l c a d e r  a l o n e ,  i t  is e s s e n t i a l  
t h a t  i t  n c t  c h a n g e  t h e  r e l a t i o n s h i p  b e t w e e n  t h e  l a n g u a g e  
c o r r p i l c r s  a n d  the l cade r ,  This means t h a t  it s h o u l d  nct 
t a k e  o v e r  a n y  f u n c t i o n s  cf os Flace a n y  f u r t h e r  r e q u i r e m e n t s  
u p d n  t h e  l a n g u a g e  ‘Erccessors. T h e r e f o r e . ,  t h e  i n F u t  d e f i n e d  
telow differs l i t t l e ’ . f r c n  t b a t  cf e x i s t i n g  l c a d e r s  i n  
c o n t e n t ,  a l t h o u g h  t h e  fcrlcat ncay he somewhat u c i q u e .  

?he c u t p u t  f r c m  t h e  l c a d e x  is t h e  a k s c l u t e  e l e m e n t ,  a n  
e x e c u t a k l e  FrograH s t c r e d  on @ a s s  s t o r a g e  b u t  i n  a fcrm t h a t  

a l lcwE i t  t c  ke l c a d e d  ea s i ly  i n t o  Kerncry f o r  e x e c u t i o n .  
Trc of t h e  r e a s c n s  b e h i n d  t h e  d e c i s i o n  t c  s e p a r a t e  t h e  
c c l l e c t i c n  a n d  l i n k i n g  of r e l o c a t a b l e  e l e m e n t s  f r c a  t h e  
l c a d i n g  cf memory are g i v e n  helow, F i r s t ,  the a c t u a l  
l c a d i n g  of lmenrcry i s  a s i m p l e  f u n c t i o h  h h a t  h a k  l i t t l e  t o  do  

wi’tr t h e  f c r r e a t i c n  of e x e c u t a k l e  code dnd more r i g h t f u l l y  
k e l ’ c n g s  a s  a F a r t  cf t h e  r e s i d e n t  monitor. S e c o n d ,  t h e  

o u t p u t  from t h e  l c a d e r  is an e x e c u t a b l e  F r o g r a m  t h a t  c a n  t e  

stored i n d e f i n i t e l y ,  T h i s  d E c r e a s f s  t h e  a r c u n t  cf time 
r e q u i r e d  t c  e x e c u t e  a F r c g r a a  as i t  r e m c v e s  t h e  a s s e m b l y i n g  
cf  relccata-kle e l e m e n t s ,  T h e  t r a d e - o f f  is t h a t  i t  creates 
more s tc re ,d  i n f o r r t a t i c n ,  However, @ass stc,rage i s  g e n e r a l l y  
i n e x p e n s i v e  c c m F a r e d  t c  prccessing time,. ~ 



T h e  i n p u t  tG a l cader  is a set cf u s e r - s F e c i f i e d  
s u h F r c g r a u s  a n d ,  p o s s i t l y ,  a u s e r - s p e c i f i e d  c v e r l a y  
s t r u c t u r e .  T h e  n u h F r o g r a m s  a r e  i n  t h e  form cf r e l c c a t a k l e  
~ l c n e n t s ,  c u t ~ u t  frcm a c o m p i l e r  o r  assembler. T h i s  s e c t i o n  
presents  a d i s c u s s i o n  cf t h e  r e l o c a t a b l e  e l e m e n t  a s  
g e n e r a t e d  by  a c c n F i l e r ,  a s p e c i f i c a t i o n  for a l c a d e r  i n p u t  
(tc h e  u s e d  b y  t h e  a l g o r i t h m  i n  s e c t i o n  4 ) ,  a n d  a trisf 

cco r~a r i scn  cf t h i s  i n p u t  s p e c i f i c a t i o n  w i t h  i n p u t  t o  
e x i s t a n t  l caders .  A c o n c i s e  d e s c r i p t i o n  of t h e  i n p u t  t o  t h e  

l o a d e r  i n  Eackus-Naur Fcrm is €resented as a n  a F F € n d i X  t o  
t h i s  pape r .  

T h e  r o l e  of a c o r F i l f r  or assembler a s  a s y n t a x - c h e c k e r  
o r  machine i n s t r u c t i c n  g e n e r a t o r  is n o t  s e v e r e l y  l i m i t e d  ky 
t h e  f a c t  t h a t  its i n F u t  is S u t F r o g r a m  {inccmFlete) rather 
t h e n  a F r c g r a m  ( c o m F l e t e ) .  However ,  i t  is r e q u i r e d  t o  d o  
Kcre in t he  f i r s t  case. 

First, t h e  cchF i l e r  m u s t  s p e c i f y  in some m a p n e r  u h i c h  
F c r t i c n s  cf t h e  Frcgram will change in t h e  name s p a c e  
a d j u s t n e n t .  I n  mozt cases, t h i s  m e a n s  each a d d r e s s  f i e l d .  

S e c c n d ,  i t  m u s t  F r e s e r v e  a l i s t  of t h o s e  sypankclic addresses 

t h a t  remained c n d e f i n e d  a t  t h e  e n d  of c o m p i l a t i o n  ( u n d e f i n e d  
a d d r e s s e s )  a n d  a l i s t  of t h e i r  o c c u r e n c e s .  T h i r d ,  it m u s t  
r a i c t a i n  a l ist  cf t h o s e  l o c a t i o n s  w i t h i n  it t h a t  c a n  ke 
s y ~ t c l i c a l l y  r e f e r e n c e d  ( g l c b a l  addresses) .  E o u r t h ,  i t  mus t  
F a i n t a i n  a l i s t  cf da ta  a r e a s  that a r e  t o  b e  a l l c c a t e d  
o u t s i d e  t h e  S u b F r c g r a r  f o r  ccmmon u s e  (ccmmon a r r a s ) .  
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F i n a l l y ,  it  must k e e p  t r a c k  c f  t h e  s i z e  cf t h e  s u k p r c g r a m  i t  
bas  c e c e r a t e d .  

T h e  r e s u l t  cf t he  e f f o r t  d e s c r i b e d  a k c v e ,  -'FrcFerlp 
f c r u a t t e d ,  is t t e  r e l o c a t a t l e  e l e m e n t ,  As l c n g  a s  a 
c c u p i l e r  cz: a s s e u b l e r  r e t a i n s  t h i s  i n f c r m a t i c n ,  t h e  
f c r u a t t i n g  is rirrgle, I n  f a c t ,  r e c e n t  s y s t e m s  ( e - g . ,  U N I V A C  

I I O E )  i n c l u d E  cne s u k F r c c E s s o r  t h a t  g e n e r a t e s  r e l cca t a t l e  
c l e u e n t s  f c r  a l l  i t s  l a n g u a g e  p r c c e s s o r n ,  I h e r e f o r e ,  
r e f c r m a t t i n g  t h e  r e l o c a t a b l e  e l e m e n t  b e c o m e s  a s i m g l e  
F rck len  cf c h a n g i n g  one F r c g r a m .  

T h e  i r . F u t  t c  t h e  l o a d e r  c o n s i s t s  of a series cf c o n t r c l  
r eccrds ,  A c c n t r c l  record is d e f i n e d  h e r e  a s  a record whcse 
f i r s t  word is a c c r t r c l  wcrd r e c o g n i z e d  b y  t h e  s y s t e m  o r  t y  

a s y s t e m  p r o c e s s c r  ( i n  t h i s  case ,  t h e  l c a d e r ) .  T h e  set cf 
contrcl w c r d s  t h a t  a r e  d e f i n e d  a s  r e c o g n i z a b l e  are: tAESLT, 
OSEG, S R E L C C ,  $UNE, $DEF, $COPIN, $CMPLX, and $TEX? - The 
ram€ of t h e  c c n t r c l  reccrd is  d e f i n e d  a s  t h e  ccntrcl uord.  

T h e  c o n t r c l  r e c o r d  $ A E S L I ,  shown i n  F i g u r e  2 ( a ) ,  causes 

the s o n i t c r  F r c g r a m  t o  g i v e  ccn t r c l  t o  t h e  l c a d e r .  It i s  a 
syrkcl ic  r e c c r d  c c n s i s t i n g  c f  t h e  c c n t r c l  wcrd SABSIT 

f c l l c u e d  by a t  l e a s t  one  klank space a n d  five fields ( A N A A E ,  

C U I C ,  I N U ,  LIB1, CP) s e p a r a t e d  ky commas, The  f i e l d  A N A W E  

is t h e  s y n k o l i c  rame t o  t e  a s s i g n e d  t o  t h e  a k s c l u t e  e l e m e n t  
Cy t h e  l c a d e r ,  T h e  f i e l d  C U T E  is  a n  i n t e g e r  s p e c i f y i n g  the 
I p C  unit cr w h i c h  the a b s c l u t e  e l e m e n t  is t o  Ce s t o r e d ,  T h e  
f i e l d  I E U  is an i n t e g e r  s F e c i f y i n g  t h e  I / C  u n i t  on  w h i c h  t h e  
user i n F u t  is s t c r E d ,  T h e  f i e l d  LIE1 is  an i n t e g e r  
r ~ e c i f y i n q  t h e  I/C unit c n  w h i c h  t h e  l i b r a r y  i n d e x  is 
s t c r e d ,  ? h e  field CP i s  a l o g i c a l  f l a g  ( v a l u e s  t r u e  er 
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(a) $ABSLTb ANAME, OUTU, INU ,L IBl ,  OK 

ANAME 

OUTU 

INU 

LIB1 

OK 

the  symbolic name t o  be assigned the 

absolu te  element 

the  u n i t  on which the  absolu te  element 

is t o  be placed 

the  u n i t  where t h e  inpu t  stream i s  t o  

be found 

the u n i t  upon which the l i b r a r y  index 

is t o  be found 

a switch t h a t  i nd ica t e s  t h a t  processing 

should o r  should not proceed i f  an e r r o r  

condition occurs 

(b) $SEGbbb SNAME (PFUIDl, PRED2, . . . ,PIEDn) 

SNAME 

PREDi 

the symbolic name of t he  segment of elements 

which follows t h i s  con t ro l  card 

t h e  symbolic name of one of n segments which 

must phys ica l ly  precede t h i s  segment i n  core. 

Figure 2 The symbolic con t ro l  records $ABSLT and $SEG 
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f a l s e )  t h a t  s F e c i f i e s  t h e  e r r c r  a c t i o n  to be taker i f  a n c n -  
f a t a l  e r :~cc r  cccu r s ,  Any CI a l l  of t h e  f i e l d s  may be 
cuitted, I n  t h i s  case t h e  loader a s s i g n s  s t a n d a r d  v a l u e s  t o  

e a c h .  

T h e  c c n t r c l  record $SEG, s h o w n  i n  Figure 2(k), is a 
symtclic record t h a t  is used t o  d e f i n e  t h e  k e g i n n i n g  o f  a 
F r c g r a r e  s e g m e n t ,  As m e n t i o n e d  b e f o r e ,  a p r o g r a m  s e g m e n t  is 
a s e t  cf sutFrcqranE a r d  ccgrccn  a r e a s  a n d  is d e f i n e d  o n l y  
when memory o v e r l a y  is d e s i r e d ,  I n  t h e  case cf memory 
o v e r l a y ,  a s e g r e n t t s  l c c a t i c n  is d e f i n e d  ky t h e  l c c a t i c n  cf 
t h e  segments t h a t  m u s t  ~ C C U F Y  core r i m u l t a n e o u e l p ,  
T h e r e f c r e ,  t h e  fcrmat o f  the QSEG c o n t r o l  record is a f i e l d  

: N A P E  t h a t  i s  t h e  u n i q u e  s y m k o l i c  n a m e  a s s i g n e d  t o  t h e  
segment a c d  a l i s t  of  s y m k o l i c  n a m e s  (FRECI, PAEC2, - . 
, E F E C N ) ,  enclcsed i n  parentheses, of  t h e  n s e g r e n t s  t h a t  
uay c c c u ~ y  ccre s i m u l t a n e o u s l y  w i t h  s e g m e n t  $ N A M E  and t h a t  
i m r r e d i a t e l g  Ftecede the s e g m e n t  SNAME in t h e  o v e r l a y  
s t z u c t u r e  being d e f i n e d .  This form of o v e r l a y  d e s c r i F t i c n  
is korrowed frclr t h e  U N I V A C  C o l l e c t o r  [ 7 ] .  

As m e n t i o n e d ,  t h e  r e s u l t  of a s s e m b l y i n g  a n  a s s e m t l y  
language s u k F r c s r a u  CI: c c m F i l i n g  a procedural l a n g u a g e  
sukprogram is a r e l o c a t a k l e  e l e m e n t ,  A r e l c c a t a b l e  element 
is t h e  i n t e r m e d i a t e  fcrna cf a s u k F r o g r a m  i n  its t r a n s l a t i c n  
t c  e x e c c t a k l e  f c f ~ ,  T h e  r e l o c a t a k l e  element is i d e n ’ t i f i e d  
hy t h e  c c n t r c l  record $RELOC . T h i s  c c n t r o l  reccrd, shown 
i n  F i g u r e  3 ( a )  , c c n s i s t s  of three w o r d s ,  T h e  first word is 
the  c c n t r c l  u c r d  $RELCC , the s e c o n d  w o r d  is t h e  symkolic 
n s m e  a s s i q n e d  t c  t h e  e l e m e n t ,  a n d  t h e  t h i r d  w o r d ,  i n  two 
fields, i n d i c a t e s  ( 1 )  w h e t h e r  CI nct t h i s  Frcgram is a m a i n  
p r o g r a m  ( i f  s o ,  t h i s  f i e l d  is a l s o  t h e  r e l a t i v e  a d d r e s s  of 
t h e  m a i n  e n t r y  p o i ~ t ) ,  and the cumber cf worda t h a t  t h i s  
s u t F r c g r a n  rill r e q u i r e  ir! memcry- 

The r e l o c a t a t l e  element c o n s i s t s  Gf t uc  F a s t s ,  ( a )  
r e l c c a t a k l e  ccde a n d  ( k )  spnkcfic address t a b l e s ,  T h e  
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symbolic name of element 

main program words required 
indicator i n  memory  

(b 1 

undefined 

entry 
symbol 

J 

SRELOC 

number of 
entries 

w 

symbolic name of defined address 

number of I entries 

defined 
symbol 
entry 

f 

contents of that address 

1 

subprogram 

. 
symbolic name of undefined 
address 

0 

0 

e 

SDEF 

Figure 3 The Relocatable Element 
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( d) 

common area 

complex 
calculation 
entry 

- 
$ corn - 

number of 
entries 

symbolic name of common area 
~~ - 

sub program I relative address block size 

I 

text end word 

e 

Figure 3 (continued) 
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r e l c c a i a t l e  code is t h e  in te rmedia te  form of t h e  m a c h i n e  
l a r s u a g e  i n s t r u c t i o n s  a n d  data t h a t  results from t h e  
t r a n s l a t i c n  of a n  a s s e m b l y  l a n g u a g e  subprogram OK of a 
Frccedural l a n g u a g e  s u b p r o g r a m .  The r e l o c a t a b l e  code  is 
c c n t a i n e d  i n  $ T E X T  c o n t r o l  records. T h e  s y m k o l i c  a d d r e s s  
t a b l e s  a r e  i d e n t i f i e d  k p  f o u r  c o n t r o l  words ,  ;duNc# JDEF, 
$CCEh’, a n d  $Ct!ELX.  

The $TEXT c c n t r o l  word i d e n t i f i e s  a c c n t r o l  record 
c o n t a i n i n g  re lcca tab le  code ( F i g u r e  3 ( f ) )  , B m a c h i n e  
l a n g u a g e  i n s t r u c t i c n  is u z u a l l g  wade U F  of a n o n - a d d r e s s  
p a r t  [e-g., t h e  c F - c c d e  p a r t )  a n d  an a d d r e s s  p a r t .  S i n c e  
r e l o c a t a k l e  t r a n s l a t i c n  r e g u i r e s  c n l y  t h e  a d  j u s t l a e n t  of 
addres ses ,  i t  is c n l y  n e c e s s a r y  t c  d i s t i n g u i s h  between t h e  
a d d r e s s  p a r t  a n d  t h e  n o n - a d d r e s s  p a r t  of t h e  i n s t r u c t i o n s .  
Therafcre ,  a r e l c c a t a k l e  code c o n s i s t s  of a s e q u e n c e  of 
r e l c c a t a b l e  wcrds, E a c h  re loca tab le  word c o c t a i n s  an 
a d d r e s s  p a r t  cr a n o n - a d d r e s s  p a r t  of a n  i n s t r u c t i o n .  I n  
t h i s  c o n t e x t ,  a d a t a  word c a n  ke viewcfd as a n  i n s t r u c t i c n  
w i t h o u t  a n  address  p a r t ,  F i g u r e  4 s h o w s  t h e  s i x  formats  
(called A , E , C , C , E ,  a n d  E) of t h e  re locatable  wcrds, E a c h  
format  h a s  up t o  f i v e  f i e l d s :  OP, FS, XI, YLD, a n d  INC. T h e  
FIE f i e l d  ccp ta ins  data ,  or t h e  a d d r e s s  p a r t  af an 
i n s t r u c t i c n ,  cr  a n  i n d e x  t o  a table.  T h e  FS f i e l d  c o n t a i n s  
the l e n g t h  cf the FLD f i e l d  i n  b y t e s  (for c c n v e n i e n c a ,  a 
t y t e  is d e f i n e d  here as 9 b i t s ) .  T h e  OP f i e l d  i d e n t i f i e s  
t he  FLD f i e l d  as :  

(a) (C€=l), 
(b) ms&z$ addr_et?g [OP=2)  This a d d r e s s  references 

a l o c a t i o n  within the subFrogram r e l a t i v e  to the 
subFrcgram address. qhe FLD f i e l d  contains a 
r e l a t i v e  address .  

d a t a  area w h i c h  is common to several subFrcgrass. 
?he FLD f i e l d  c o n t a i n s  an index t o  t h e  ccmmon area 
list. 

(c) Q g g n g - s ~ Q g ~ n ~  ( C P = 3 ) .  T h i s  address references c1 
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2 

OP FS 11 FLD 

address relative 
FLD f i e l d  t o  t h e  subprogram 

(a) Format A, i nd ica t ing  da ta  

31 

b i t s  

b i t s  

(b) Format B ,  i nd ica t ing  relative address 

increment o r  

b i t s  

(c) Format C, i nd ica t ing  common d a t a  address 

I N C  - - - - - - _ _  OP FS FLD 

b i t s  

(d) Format D, i nd ica t ing  e x t e r n a l  address 

(e) Format E ,  i nd ica t ing  complex address 

F ind ica t ing  t h e  end of r e loca tab le  code 
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( d )  Zztqggpl-address ( O P = 4 )  , T h i s  address r e f e r e n c e s  
a n  e n t r y  p o i n t  i n  a n o t h e r  s u b F r c g r a m ,  T h e  PID 
f i e l d  c c n t a i a s  a n  i n d e x  t c  t h e  u n d e f i n e d  symbol 
list. 

(e) cc@ghi-gagress (CP=S) .  T h i s  a d d r e s s  i s  a n  
a r i t h m e t i c  c c m t i n a t i c n  cf e x t e r n a l ,  c c r m c n ,  o r  
c t h e r  c c l r p l e x  addresses. T h e  FLD f i e l d  c o n t a i n s  
an i n d e x  t o  t h e  c o m p l e x  a d d r e s s  list. 

( f )  E B 9 , c f - E e l ~ ~ n ~ n ~ l ~ ~ ~ ~ ~  (OP=S) - 
T h e  a t o v e  c c r E l e x  addres s ,  common a d d r e s s  a n d  e x t e r n a l  

a d d r e s s  words reference l c c a t i c n z  o u t s i d e  cf t h e  s u t p r o g r a m ,  
T h e s e  addresses  a r c  s y m k o l i c  and  are stared i n  t h e  s y m b o l i c  
address t a t l e s  t c  t e  d e s c r i k e d  s u k s e q u e n t l y .  T h e  11 a n d  INC 
fields a re  F r c v i d e d  t o  g i v e  a n u m e r i c a l  i n c r e m e n t  t o  these 
s y l t b o l i c  addressee. If I1 is e q u a l  t o  1 o r  2 ,  t h e  a d d r e s s  
is i n c r e m e n t e d  or d e c r e m e n t e d ,  r e s p e c t i v e l y ,  by t h e  c o n t e n t s  
of INC. If I1 is e q u a l  t c  0,  t h e r e  is no INC f i e l d ,  

F i g u r e  5 ( a )  sbows an e x a m p l e  of a r e l c c a t a k l e  code 
u h e r e  t h e  f i e l d s  a r e  SeFara t ed  by  v e r t i c a l  l i n e s  a n d  t h e  
n u m t e r s  of oc t a l .  Words 1#2,3,5#7#9,11,13, a n d  15 a r e  
re lcca tak le  w c r d h  w i t h  da ta .  Words 6,8,12,14, a n d  16 are 
t h o s e  w i t h  r e l a t i v e  addresses  {OP=2) ,  Uord 17 is one w i t h  a 
commcn address ( O P = 3 ) .  Words 4,10, a n d  l e  are thcse u i t h  
e x t e r n a l  addresses  ( O P = 4 ) ,  Uord 19 is t h e  cne i n d i c a t i n g  
t h e  e n d  of t h e  r e loca tab le  code (OP=6). T h e r e  a r e  n o  
c c B F l e x  addresses i n  t h i s  e x a m p l e ,  Note t h a t  the 
re lccatable  wcrds  i n  F i g u r e  5 (a) are of d i f f e r e n t  l e n g t h s ,  
Though t h e y  a r e  s b c w n  a s  l e f t - i u r t i f i e d ,  t h e y  a r e  a c t u a l l y  a 
s t r i n g  of k y t e z  as shown i n  F i g u r e  5 ( b ) ,  It is i n  t h e  
format  of F i g u r e  5(k)  t h a t  t h e  relocatable words are s t o r e d  
i n  t h e  memcry, 

S y m k c l i c  a d d r e s s  t a t l e s  of a relccatable e l e u e n t  
c o n t a i n  a l l  t h e  s y r t o l i c  addresses  t h a t  are r e q u i r e d  t o  l i n k  
sutyrcgrass t c g e t h e r  a n d  t h o s e  a d d r e s s  c a l c u l a t i c n E  t h a t  



(a) in relocatable words (octal)  

A PZE 1.0 

B PZE 1.0 
MAIN TSX COS,4 

PZE A 

STO A 

NEXT TSX SIN,4 

PZE B 

FAD A 

AXT NEXT,4 

T I X  SUBR, 3, BLOCK4-10 

(b) as a series of memory words ( 

Figure 5 Example of a relocatable 

1 2 0  

1 2 0  
1 1 0  
4 1 0  
1 1 0  
2 1 0  
1 1 0  
2 1 0  
1 1 0  
4 1 0  
1 1 0  
2 1 0  
1 1 0  
2 1 0  
1 1 0  
2 1 0  
3 1 1  

4 1 0  

6 0 0  

1 2 0 0 4 0 0 0 0 0 0 0 0  

2 0 0 4 0 0 0 0 0 0 0 0  
0 0 7 4 0 0  
4 0 0 0 0 1  
0 0 0 0 0 0  
0 0 0 0 0 0  
0 6 0 1 0 0  
0 0 0 0 0 0  
0 0 7 4 0 0  
4 0 0 0 0 0  
0 0 0 0 0 0  
0 0 0 0 0 1  
0 3 0 0 0 0  
0 0 0 0 0 0  
0 7 7 4 0 0  
4 0 0 0 0 5  
2 0 0 0 0 0  

3 0 0 0 0 2  

0000051 
1 

1 
1 
8 

ctal)  

1 2 0 2 0 0 4 0 0 0 0 0  
0 0 0 1 2 0 2 0 0 4 0 0  
0 0 0 0 0 0 1 1 0 0 0 7  
4 0 0 4 1 0 4 0 0 0 0 1  
1 1 0 0 0 0 0 0 0 2  1 0  
0 0 0 0 0 0 1 1 0 0 6 0  
1 0 0 2 1 0 0 0 0 0 0 0  
1 1 0 0 0 7 4 0 0 4 1 0  
4 0 0 0 0 0 1 1 0 0 0 0  
0 0 0 2  1 0 0 0 0 0 0 0  
1 1 0 0 3 0 0 0 0 2 1 0  
0 0 0 0 0 0 1 1 0 0 7 7  
4 0 0 2  1 0 4 0 0 0 0 5  
3 1 1 2 0 0 0 0 0 0 0 0  
0 0 5 4 1 0 3 0 0 0 0 2  
6 0 0 0 0 0 0 0 0 0 0 0  

ext 

3 3  

word 

1 

2 

3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 

18 

19 
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d e F f n d  uFcn a d d r e s s e s  t h a t  a re  unknown t o  t h e  a s s e l a k l e r  cr 
cornFiler. There a r e  four s y m b c l i c  add res s  t a k l e s :  

(a)  I 9 8 , ~ e 4 ~ ~ ~ n e p ~ m m P a ~ - ~ ~ ~  (Figure 3 (k)) - This is 
cne c r  mcre c c c t r u l  records c c n t a i n i n g  tbe c o n t r o l  wcrd $UNC 

in t h e  first wcrd ,  t h e  nu l rbe r  cf e n t r i e s  in t h e  second nord, 
a n d  f o l l c u e d  t y  a list cf s y a k c l i c  addresses t h a t  were n o t  
resolved k y  t h e  assembler cr ccmFi lor  a n d  therefore assumed 
t c  e x t e r n a l  t c  t h e  s u b p r c g r a r .  T h e r e  i E  one symkolic  
a d d r e s s  t c  t h e  s a r d .  

(b) g h e P f f j n f q s ~ g k o 1  l,is,t (Figure 3 I C ) ) .  T h i s  is  cne 
or more ccn t r c l  records c o n t a i n i n g  t h e  c o n t r c l  word SDEP i n  
t h e  f i r s t  wcrd, the n u m t e r  of entries i n  t h e  s e c c n d  word, 
a n d  fcllcwed by a l ist  of s y m b o l i c  addresses from t h e  

subErogram t h a t  are t y F e d  global by the a s s e a k l e r  cr 
ccEpi le r ,  T h e s e  a re  t h e  addresses t h a t  will. c o r r e s p o n d  w i t h  
u n d e f i n e d  s y m b c l  e r t r i e s  i n  o the r  r e l o c a t a k l e  elements. 
Each e n t r y  c o n s i s t s  of t h r e e  u c r d s ,  t h e  s y r b c l i c  name of t h e  
a d d r e s s ,  t h e  c c n t e n t s  of t h e  word a t  t h a t  a d d r e s s  i f  it is 
d a t a  (zero o t h e r w i s e ) ,  a n d  t h e  s u b p r o g r a m  r e l a t ive  a d d r e s s  

c o r r e s p o n d i n g  t o  t h e  s y m t c l i c  address. 

(c) ~In-~~gcm~~-gg~gli~g (Figure 3 ( a ) ) .  T h i s  is cne or 
mere c c n t r c l  records c c n t a i n i n g  t h e  c o n t r o l  word SCONN i n  
t h e  f i rs t  Tiord, t h e  number  cf e n t r i e s  i n  t h e  s e c o n d  word, 
a n d  t h e n  a list cf entries r e p r e s e n t i n g  c c i i c n  areas 
s p e c i f i e d  i n  t h e  s u k p r c g r a m .  Each ertrp i n  t h e  l i s t  
c o n s i s t s  cf twc words, t h e  first of w h i c h  c o r t a i n s  t h e  
s y l s k c l i c  name c f  t b e  ccmmon area. If  t h e  s u b p r o g r a m  d e f i n e s  
t h e  ccntents cf t h e  ccmmm area, t b t !  second word contains a 

zerc first half and  t h e  s u b p r o g r a m  relative a d d r e s s  cf the 
ccmmn area i n  the second h a l f .  If t h e  subprogram does not 
contain the ccmmcn area, t h e  second half of the  second word 
is zero, and t h e  first h a l f  contains the nuaber of words 
s p e c i f i e d  for t h e  caltlmcn area ky t h E  s u b p r o g r a m .  
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( d )  Ihe ,ccmrle i ,a9ara~s ,~~~~ ( F i g u r e  3 ( e )  ) (. T h i s  is 
C f;f c r  more ccn t r c l  r e c o r d s  s p e c i f y i n g  a n u m t ~ l c  cf 
a r i t h m e t i c  c F e r a t i c n s  t c  be made h e t w e e n  g l o t a l  a d d r e s s e s ,  
c o m c o n  a r e a  a d d r e s s e s ,  F r e v i c u s  c o m F l e x  a d d r e s s e s ,  C K  t he  
c o n t e n t s  o f  g l c k a l  a d d r e s s e s ,  T h e  f i r s t  wcrd c c p t a i n s  t h e  

c o n t r o l  wcrd $CEEZX; the f i r s t  h a l f  of t h e  s e c c n d  wcrd 
c o n t a i n s  t h e  numkcr c f  c o u ~ l e x  a d d r e s s e s  c a l c u l a t e d  i n  t h e  
t a k l e ;  a r ,d  t h e  seccnd h a l f  cf t h e  s e c c n d  w c r d  c c r t a i n s  t h e  

r i u n k e r  cf bo ras  i n  t h e  t a k l e  c f  c c n F l e x  c a l c u l a t i c n s  t h a t  
f c l l c w .  The f G l l c w i n g  l i s t  of w o r d s  c o n t a i c s  a s t r i n g  cf 
h a l f - w c r d  i n s t r u c t i o n s  for each a d d r e s s  t o  b e  c o m p u t e d ,  I f  

there  is ucre t h a n  o n e  O C F E I X  c o n t r o l  r e c o r d ,  o n l y  t h e  f i r s t  

rEccrd s p e c i f i e s  the n u m b e r  of c o m p l e x  a d d r e s s e s  ( t h s  f i r s t  
h a l f  cf wcrd twc), 

F i q u r e  6 shcws t h e  fcrmat of t h e  c o m p l e x  c a l c u l a t i c n  
w o r d .  ? h e  f i e l d  CFC i n d i c a t e s  o n e  of s i x  c p r a t i c n s :  l o a d ,  
a a a ,  s u t t r a c t ,  m u l t i ~ l g ,  d i v i d e ,  a n d  s tore  { a l l  ari thmetic 
is i n t e g e r ) ,  T b r  f i e l d  'I1 i n d i c a t e s  cne cf f i v e  scnrces cf 
c g e r a n d s :  the u n d e f i n e d  s y m b o l  list t c  o b t a i n  a glokal 
a d d r e s s  (lZI=l) o r  t h e  c o n t e n t s  a t  a g l o b a l  a d d r e s s  
( T I = 2 ) , t h e  ccmmcn a r e a  l i s t  t o  o b t a i n  a common a r e a  a d d r e s s  
111=3), t h e  c c u g l e x  a d d r e s s  l ist  t o  o k t a i n  t h e  r e s u l t  of  a 
F r e v i o u s  c c e p l e x  c a l c u l a t i c n  4 T I = 4 ) ,  cr  t h e  va lue  of the  
f i e l d  INCEX (TI-S), T h e  f i e l d  INDEX is u s e d  t c  index t h e  
s p e c i f i e d  t a b l e  c r  as the  c p e r a n d ,  

ExamFles cf r e loca tak le  e l e m e n t s  a p p e a r  i n  F i g u r e s  3 ,  

e ,  a n d  9 .  E i g u r e  7 s h c w s  a r e l o c a t a k l e  e l e m e n t  t h a t  h a s  
f o u r  c c n t r o l  reccrds, T h e  $ R E I N  c e n t r e 1  reccrd  s h c w s  t h a t  
t h e  s u l t F r c g r a n  has s y m l t c l i c  came MAIN, t h a t  i t  i s  t h e  m a i n  
s u k g r o g r a n ,  a n d  t h a t  i t  r e q u i r e s  10 words cf  meeEcry i n  
e x e c u t a k l e  fcrm, T h e  $ U N D  c c n t r o l  r e c c r d  shcws t h a t  t h e z e  
a r e  t h r e e  u n d e f i a e d  eyntols SIN, C O S ,  a n d  SUBE, The X C M N  

c c n t r c l  reccrd shews t h a t  there is cx?e ccmmon area ELOCK 

r e f e r e n c e d  i n  t h e  S a b F r o g r a m  a n d  that .  it r e q u i r e s  8 wards ,  
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:a) load i n s t r u c t i o n  (begin ca lcu la t ion)  

t a b l e  index t o  t a b l e  ind ica ted  
ind i -  by T I  f i e l d  
ca to r  

OPC T I  INDEX 

3 3 12 b i t s  

4 

[b) add i n s t r u c t i o n  

t a b l e  index t o  t a b l e  ind ica ted  
ind i -  by T I  f i e l d  
ca to r  

OP c T I  I INDEX 
t ab le  index t o  t a b l e  ind ica ted  

ca to r  
2 i nd i -  by T I  f i e l d  

3 3 12 b i t s  
v- 

t a b l e  index t o  t a b l e  ind ica ted  
5 i nd i -  by T I  f i e l d  

(c) s u b t r a c t  i n s t r u c t i o n  

(d) mu1 t i p l y  i n s  t r u c t  i o n  

(e) d iv ide  in s t ruc t ion  

3 3 i?f b i t s  

( f )  s t o r e  i n s t r u c t i o n  (end ca lcu la t ion)  

OP c TI INDEX 
* 

index t o  complex 
address t a b l e  6 0 

Table i n d i c a t o r  values 

1 undefined symbol list- address 

2 undefined symbol list- va lue  

3 common symbol l i s t  
4 complex address list 

5 ,  value of INDEX f i e l d  

Figure 6 



$ABSLT SAMPLE 

$ ' R  E L 0 C 

M A I N b b  

3 1 2  

$ U N D b b  

3 

S I N b b b  

C O S b b b  

S U B R b b  

$ . C O M N b  

1 

B L @ C K b  

0 

$ T E X T b  

1 2 0 2 0 0 4 0 0 0 0 0  

0 0 0  1 2 0 2 0 0  4 0 0  

0 0 0 0 0 0 1 1 0 0 0 7  

4 0 0 4 1 0 4 0 0 0 0 1  

1 1 0 0 0 0 0 0 0 2 1 0  

0 0 0 0 0 0 1 1 0 0 6 0  

1 0 0 2 1 0 0 0 0 0 0 0  

1 1 0 0 0 7 4 0 0 4 1 0  

4 0 0 0 0 0 1 1 0 0 0 0  

0 0 0 2 1 0 0 0 0 0 0 1  

1 1 0 0 3 0 0 0 0 4 1 0  

0 0 0 0 0 0 1 1 0 0 7 ~  

4 0 0 2 1 0 4 0 0 0 1 2  

3 1 1 2 0 0 0 0 0 0 0 0  

0 1 2 4 1 0 3 0 0 0 0 2  

6 0 0 0 0 0 0 0 0 0 0 0  

37 

Figure 7 Example of user input 
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Figure 8 Example of library subroutines 



39 

$ R E L O C  

S I N C @ S  

5 0  

$ R E L O C  

S I N C @ S  

$ D E F b b  

2 

C f l S b b b  

0 

0 

S I N b b b  

0 

$ T E X T b  

$ D E F b b  

2 

C f l S b b b  

0 

0 

S I N b b b  

0 

$ T E X T b  

F igure  9 Example of L ib ra ry  Subrout ine  (SINCOS) 
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T h e  $TEXT c c n t r c l  record c o n t a i n s  a 16 word s t r i n g  cf 
r e l c c a t a k l e  ccde, F i g u r e  8 s h c u s  a r e l o c a t a b l e  element 
C O m F G S e d  of six c c n t r c l  records.  The S u b F r c g r a r  name is 
SUEETN. T h e r e  a r r  t h e e  u n d e f i n e d  addresses r e f e r e n c e d  
w i t h i c  i t ,  SIN, COS a n d  CNSIIT.  T h e r e  a r e  t u c  g l o b a l  
a d d r e s s e s  h i t b i n  i t ,  CNSTNT a n d  SUER, a n d  one ccmmcn area , 
BLCCK, i s  r e f e r e n c e d ,  In a d d i t i o n ,  there  is a complex 

c a l c u l a t i c c  c c c t r c l  teccrd $ C E E l X .  This i n d i c a t e s  t h a t  t h e  
c c a g u t a t i c n s  f e r  t u c  c o m p l e x  a d d r e s s e s  a r e  c o n t a i n e d  i n  t h e  
f o l l o w i n g  tkree wcrds cf hal f -word  i n s t r u c t i o n s ,  T h e  f i r s t  
balf-wcrd i n s t r u c t i o n  has  CTC=l, TI=2, acd INCEX =I. T h i s  
t r a n s l a t e s  (hy  the format i n  F i g u r e  6 )  t o  "load t h e  v a l u e  
of t h e  s y a r k c l i c  a d d r e s s  t h a t  is t h e  t h i r d  e n t r y  i n  t h e  
u n d e f i n e d  z~mokcl l i s t  ( t h e  i n d e x  h e g i n s  a t  ze rc )  ' 4  cr "load 
t h e  c c r n t e p t s  cf t h e  word a t  symbolic  a d d r e s s  CI?STIOT.8* 

T h e r e  a r e  twc s o u r c e s  cf i n p t  t o  t h e  lcader,  t h e  u s e r  
a n d  t h e  l i b r a r y .  T h e  u s e r  i n p u t  t o  t h e  lcader is c o m p o s e d  
cf t h e  $ A R S I T  c c n t r o l  record, followed ky a set CP 
re lccatable  e l e m e n t s ,  F i g u r e  7 is a o n e  e l e m e n t  e x a m p l e  cf 
t h i s ,  If Iilenrcry cver lay  is  d e s i r e d ,  t h e  se t  cf r e l c c a t a b l e  
e l e m e n t s  lpay be brcken i n t o  sutsets b y  $SEG c o n t r c l  records. 
I n  t h i s  case, t h e  o v e r l a y  s t r u c t u r e  i s  s p e c i f i e d  t p  t h e  l ist  
of p r e d e c e s s o r  s e g m e n t s ,  as mentioned b e f o r e .  F i g u r e  10 
shows a l is t  of f S E 6  c c n t r c l  records t h a t  d e f i n e  t h e  o v e r l a p  
s t r u c t u r e  d i a g r a r s m e a  i n  F i g u r e  l ( c ) ,  It is i o c c r t a n t  t o  
realize t h a t ,  a l t b c u g h  e a c h  s e g m e n t  lists o n l y  t h e  s e g m e n t s  
t h a t  i m B e d i a t e l y  F r e c e d e  i t  i n  t h e  s t r u c t u r e ,  t h e  overlay 
s t ruc ture  is c c B F l e t e l g  d e f i n e d ,  For e x a n F l e ,  s e g m e n t  J 

l i s ts  s e g m e n t s  G, I, a n d  D as  immedia te  p r e d e c e s s o r s .  
Bcwever ,  each of  t h e s e  i n  t u r n  lists its p r e d e c e s s o r s ,  a n d  
S Q  c n ,  ug  t o  s e g m e n t  E A I B  w h i c h  is t h e  main (cr root) 
s e g m e n t  {i.e., i t  has no Fredecessors), It  s h o u l d  also ke 
r e c c g n i z e d  t h a t  t h e  crder i a  w h i c h  F r c g r a m  s e g m e n t s  a r c  
i n p u t  is not sFecified. T h e  l cader  p e r f o r m s  its own 
c r d e r i a g  i n t e r n a l l y .  
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{relocatable elements for :sLepqqt, ,D}; .. 

{relocatable elements f o r  segment J} 

SSEG 
7_ .i ,. !1 

I_ . ~ -  J ,;*. ... ... 

{relocatable elements f o r  segment B} 
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T h e  c t h e r  scurce o f  i n p u t  is t h e  s u b F r c g r a r  l ibrary.  
I f ,  a f t e r  a l l  c f  t h e  user s u b p r c g r a m s  a re  i n p u t  f r o m  I / C  

u c i t  I N U ,  scme e x t e r n a l  a d d r e s s e s  are as y e t  U n d e f i n e d ,  an 
a t t en !F t  t c  made t c  r e s o l v e  t h e s e  i n  t h e  s u b p r c g r a l e  l i t r a r y ,  
? h i s  l i b r a r y  is a c c e s s e d  t y  s e a r c h i n g  a n  i n d e x  o f  s y m k c l i c  
g l c k a l  a d d r e s s e s  t h a t  h a v e  keen c u l l e d  from t h e  s u b F r c g r a m  
l i k r a r y .  This i n d e x  e x i s t s  a s  a c h a i n  cf o n e  o r  more 
r e c o r d s  01: 110 u n i t  L I E 1 ,  

F i g u r e  1 1  shcws t h e  f c r r a t  of t h e  library i n d e x  t a b l e .  
Each r e c c r d  r e F r e s e n t s  a t a b l e .  T h e  s y m b o l i c  g l o k a l  
a d d r e s s e s  are c r d r r e d  1 e x i c o g r a F h i c a l l y  b y  name. Each  t a b l e  
is h e a d e d  ky four w o r d s  t h a t  g i v e  t h e  lower a n d  u F f e r  t c u n d s  
cf q l c k a l  a d d r e s s e s  c o c t a i n e d  i f i  t h e  t a k l e ,  t h e  mass s t o r a g e  
l o c a t i o n  c f  t h e  c e x t  l i k r a r y  i n d e x  ( i f  any), ard  t h e  number  
cf e n t r i e s  in t h e  t a t l e .  T h e  e n t r i e s  are cceeFosed of two 
wcrds: t h e  f i rs t  ig the s y m k o l i c  g l o k a l  a d d r e s s ;  and t h e  
s e c c n d  is t h e  mass s tc rage  location w h e r e  t h e  re lccatable  
eleEent v h i c h  c c n t a i n s  i t  c a n  he found. Eigure 12  shows an 
G x a n F l e  of a l i b r a r y  i n d e x  t a k l e ,  T h e  lower a n d  u p p e r  
t c u n d c  ( 0  a n d  377377777777 ) show t h a t  t h i s  index c o n t a i n s  
a l l  s y r b c l i c  a d d r e s s e s  i n  t h e  l i b r a r y .  T h e s e  i n c l u d e  g l o k a l  

r e s i d e  i n  t h e  r e l c c a t a k l e  c le ren ts  a t  mass s t c r a g e  l o c a t i o n 2  
I I E L C 1 ,  L I E L C 2 ,  LIELCS,  a n d  L I B L C 1 ,  r e s p e c t i v e l y .  

v 
a d d r e s s e s  C N Z I N T ,  ccs, SIB, and SUER. T h e s e  a d d r e s s e s  

The c h i e f  d i f f e r e n c e s  b e t u e e n  t h e  i n p u t  s p e c i f i c a t i c n  
g i v c n  a t c v e  a n d  t h a t  cf e x i s t i n g  l c a d e r s  are i n  the  forlaat 
of t h e  r e l c c a t a k l e  c o d e ,  t h e  s t r u c t u r e  of t h e  u n d e f i n e d  
s y m k o l  takle, a n d  t h e  l i k r a r y  i n d e x .  For i c s t ance ,  the 
d e f i n i t i o n  cf t h e  r e l c c a t a k l e  vcrd g i v e n  akcve i s  u n i q u e .  
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mass storage location of the next 
library tab l e  - 

I \  library table entry 
symbolic entry point name 

ii mass storage location of subprogram 
in which the entry point occurs I 

Figure 11 Library Index 



44 

0 

7 7 7 7 7 7 7 7 7 7 7 7  

0 

4 

C N S T N T  

L I B L C l  

C 0 S b b b  

L I B L C 2  

S I N b b b  

L I B L C Z  

S U B R b b  

L I B L C l  

Figure 12 Example of a L i b r a r y  Index 
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T h e  t r a d i t i c n a l  w e t h c d  ef relccatakle cading  i s  Qc F r c v i d e  a 
t a t l e  c f  d e E c r i F t c r s ,  e a c h  d e s c r i k i n g  t h e  r e l c c a t i c n  cf one 
c r  Eore u c r d s  cf t h e  p r o g r a m  t e x t ,  For e x a m p l e ,  t h e  I E  

7C2C/7C94 l c a d e r  FackE s e v e n  f i v e - b i t  d e s c r i p t o r s  i n t c  cne 
3 € - t i t  word t o  d e , c c r i k e  t h e  r e l c c a t i o n  cf s e v e n  w o r d s ,  E a c h  
f i v e - b i t  d e s c r i p t c r  s g e c i f i c s  t h e  r e l o c a t i o n  r e q u i r e d  f c r  
t h e  t w o  a d d r e s s  f i e l d s  i n  t h e  IEM i n s t r u c t i o n  ucrd, The 
FKIIAC 1 1 C E  r e l e c a t a k l e  c u t F u t  r o u t i n e  (RCB) g r c d u c e s  a 
v a r i a b l e  l e n g t h  s t r i n g  of k i n a t y  i n f o r m a t i c n  t h a t  is u s e d  t o  
r e l c c a t e  cne  CI mcze i n E t r u c t i c n  words t h a t  f c l l c u  it. 

The s e c o n d  p o i n t  cf ccmrarison i s  t h e  u n d e f i n e d  s y m k o l  
t a b l e ,  I! n u i l e r  of o p e r a t i n g  systelcs e m p l o y  c o i t F i l e r s  a n d  
a s E e E k l e r s  t h a t  Ferfcrm a l l  i n t e r - s u C F r o g r a m  j u m p s  b y  
k r a c c h i n g  t c  a s i n g l e  l o c a t i o n  w i t h i n  the s u b p r o g r a m  (ca l led  
t h e  t r a n s f e r  v e c t o r )  t h a t  c o n t a i n s  t h e  a d d r e s s  cf t h e  

d e s i r e d  s u k p r c g r a m .  T h e r e f o r e ,  t h e i r  l o a d e r s  c a n t a i n  no 
i n t e r - s u k F r c g r a a  t r a n s f e r s  from k i t h i n  t h e  t e x t ;  i n s t e a d ,  
t h e y  t r a n s l a t e  t h e  u n d e f i n e d  ~ y k k o l  table i n t o  a t r a n s f e r  
vector t a t l e ,  As t h e  loader d e s c r i k e d  h e r e i n  c c u l d  make no 
s u c h  a s s u m F t i c n r  a k c u t  the c o m p i l e r ,  t h i s  fcrmat c c u l d  n o t  
ke a d o F t e d  ( n c t e ,  h o w e v e r ,  t h a t  this d o e s  n u t  F r e c l u d e  t h e  
F a S l i b i l i t y  of such a t a b l e ) ,  

A n c t h e i  l c a d e r ,  t h a t  o f  t h e  CDC 66CC, s t r u c t u r e s  the 
l i n k s  t o  the u n d e f i n e d  s y r c b o l  t a k l e  i n  reverse [ 91- I n s t e a d  
c f  e a c h  e x t e r n a l  r e f e r e n c e  p o i n t i c g  t o  t h e  u n d e f i n e d  s y m k @ f  
t a k l e ,  t h e  t a b l e  c c n t a i n s  a pointer  t o  t h e  first a d d r e s s  
f i e l d  t h a t  references i t ,  t h a t  address  f i e l d  c c a t a i n s  a 
p o i n t e r  t o  t h e  secmd, a n d  so on, w i t h  t h e  l a s t  address 
f i e l d  c c n t a i n i n g  an e n d - o f - c h a i n  marker. I n  t h i s  manner, 
i n t € r - a u b F r c g r a m  a d d r e s s e s  a r e  s a s i l y  l o c a t e d -  

The t h i r d  F a i n t  of c o m p a r i s o n  is t h e  l ibrary i n d e x ,  It 
i s  u s e d  c h i e f l y  fiecause i t  is a s i m p l e  i m p l e m e n t a t i o n ,  while 
a nurPber cf l c a d e r s  F r o v i d e  m o l t i p l e - l i b r a r y  s e a r c h  
F r o c f d u r f s  w i t h  ccrrFlex ccmmand l a n g u a g e s ,  To i n c l u d e  s u c h  
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procedures  w o u l d  r e q u i r e  d e t a i l e d  d e s c r i F t i c n  Gf f i l e  
systems, w h i c h  i s  c u t s i d e  t h e  p r o v i n c e  of t h i s  F a F e r .  

‘The a k s c l u t e  e l e m e n t  is t h e  fora t h a t  t h e  u s e r  p r o g r a m  
takes i n  c rdc r  t c  e x i s t  o u t s i d e  cf oeacry ,  It i e  s t r u c t u r e d  
t o  be e a s i l y  loaded  i n t o  memory for e x e c u t i o n .  It c o n s i s t s  
of a r e s i d e n t  p a r t  t h a t  is l c a d e d  i n i t i a l l y  a n d  r e m a i n s  i n  
memory t h r c u g h u u t  e x e c u t i o n ,  a n d ,  if n e c e s s a r y ,  a series of 
n o n - r e s i d e n t  F a r t s  t h a t  are  l o a d e d  d u r i n g  e x e c u t i o n  as 

requi red .  The a lgc r i thm a s s u m e s  t h a t  there is a standard 
system 110 u n i t  f o r  t e e p o r a t y  s torage  of t h e  ncn-resident 
s e g m e n t s .  

T h e  r e s i d e n t  p o r t i o n  c o n s i s t s  of t h e  r a i n  s e g m e n t ,  a l l  
c ~ m m o n  areas, t h e  s e g r e n t  l c l a d i n g  r o u t i n e  ( $ l I B R $ ) ,  t h e  
l i n k a g e  tabre, a n d  t h e  segment table. The n o n - r e s i d e n t  
F c r t i G n  c c n s i s t s  cf a l l  o v e r l a y  s e g m e n t s ,  

I n  crder to  f a c i l i t a t e  l o a d i n g  of the p r c g r a r ,  the 
a k s c l u t e  F tog ra ro  is blocked i n t o  l o g i c a l  blocks. 3 l o g i c a l  
k l c c k  r e E r e s e n t s  one o v e r l a p  s e g m e n t  or t h e  r e s i d e n t  
Fcrt ion ,  It is assumed t h a t  t h e  a b s o l u t e  e l e m e n t  is t o  t e  

s tored  l i n e a l l y  c t  mass s t c r a g e  as  a series cf reccrds. 
Each l c g i c a l  klock is colepsed cf a series cf records, E a c h  
record r e F r e s e n t s  a c o n t i g u o u s  p i e c e  of memory, Eiouevet, 

t h c  reccrds Deed n c t  te o r d e r e d  ky memory loca t ion .  

The F x G k l e m  c f  o r i e n t i n g  i r  memory a set  cf records 
r e F r e s e n t i n g  a o o a - c o n t i g u o u s  set  of a e m o r y  blccka is met by 
t h e  metbcd c f  gcaf&g,&gsjingl Bt t h e  b e g i n n i n g  of  each 
recclrd of  c o n t i g u o u s  memory l c c a t i c n s  i s  t h e  address o f  t h e  
first l o c a t i o n .  Loading t acoses  a simple process of 
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i n t e r p r e t i n g  t h e  addresE a n d  t r a n s a i t t i n g  t h e  f c l l o w i n g  
t l o c k  o f  w c r d s  t c  t h a t  lotation a n d  l c c a t i o n s  f c l l c w i n g .  

The s t r u c t u r e  of t h e  a k s c l u t e  e l e m e n t  is shcun i n  
F i g u r e  13, Heavp l i n e s  s e p a r a t e  the l o g i c a l  b l c c k s ,  T h e  

header  b l c c k  i d e n t i f i e s  t h e  a k s o l u t e  e l e m e n t ,  t h e  o v e r l a y  
E e g n e n t s  f c l l cw  i t ,  a n d  t h e  r e s i d e n t  p o r t i o n  cf the p r o g r a m  
comFletcs  the a b s c l u t e  e l e m e n t ,  

!!he h e a d e r  b l c c k  d i f f e r s  from a l l  t h e  o t h e r  records i n  
t h a t  i t  is r c t  a Fart  cf the Frogram, It  Fravides  
i n f o r m a t i c n  t o  t h e  memory l e a d  r o u t i n e ,  F i g u r e  14(a) shows 
t h e  format  c f  t h e  h t a d f r  k l c c k ,  The f i r s t  wcrd c c r t a i n s  t h e  
~ y n t c l i c  t a m  cf t he  a t s c l u l e  elelrent. The s e c o n d  sard 
c c n t a i n s  t h e  cver lay  i n a i c a t o r  a n d  t h e  ma in  segment f l a g ,  
If t h e  c v f r l a y  i n d i c a t o r  is n o n - z e r o ,  o v e r l a y  s e g E e n t s  
fcllaw the h e a d e r  block. The t h i r d  word gives the address  
c f  a n d  t h e  number  cf words i n  t h e  u n d e f i n e d  COmEaf l  a reas .  
‘Ihe l a s t  word g i t e s  t h e  absolute a d d r e s s  c f  the F r c g f a m  t c  

which c c n t r c l  is t c  Be ltransfered o n c e  the r e s i d e n t  p a r t  cf 
t h e  F r c g r a a  is l o a d e d  t i - e - ,  t h e  s t a r k i n g  a d d r e s s ) .  

E a c h  record cf e x e c u t a b l e  c o d e  a p p e a r s  as in Fjlgure 
l O ( k ) ,  TFe f i r s 2  wcrd c o ~ t a i c s  . the  segment  l n d i c a t o z  f a  the  

code is t c  b e  l o a d e d  In t h e  s e c o n d  h a l f ,  The segmen 
i n d i c a t o r  is a f l a g  t a t  is z e ~ c  fan n o n - r e s i d e n t  pontiens 
cf the pzcgra a n d  non-zero the resident G H t i C r m  of the 

b a l P  a n d  t h e  a d d r e s s  a t  which t h e  block cf e 

FrogEaItln, 

The c v e r l a p  l i n k a g e  table a c d  t h e  segment ta 
s k c k - n  i n  F i g u r e r  I Q ( c )  a n d  14[d) ,  r u c t u r e  cf t h e  
dihst wcrd is the same a s  above e x c e p t  t h a t  koth h a  

ZEKC f l a g  fidaI.dE b c a u s e  t h e y  are al ys p a r t  of the 
r e s i d e ~ t  Fccrticn ef t e program, The over 
C c n E i s t e  cf a P u c -   OF each global a d d r e s s  i n  a 

n o n - ~ e ~ i d f ~ t  ~ e g  E@fC?E@XkC€d f K O @  aYlC&%lc%: 
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header block I 

overlay segment k 

main segment - -  - - - - - - -  - -  - -  
segment loading subprogram 

- - - - - - - - - - - - -  
s epen t tab l e  

- - - - - - - - -  - -  
I linkage table 

Figure 13  The Structure of the Absolute Element 



:, I! .. .. 

&. 

branch i n s t r  

(d) Segment t a b l e  

which t o  load t h e  

Figure 14  Detailed Block Diagrams of t h e  Absolute Element Records 
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E e g n e n t .  The s e g m e n t  t a b l e  c o n t a i n s  a o n e - w o r d  e n t r y  f o r  
eack n c n - r e s i d e n t  s e g m e n t ,  i n d i c a t i n g  t h e  l o c a t i c n  of t he  
s e g m e n t  i n  t h e  a k s c l u t a  element and number  cf records 
r e q u i r e d  fcr  t h e  s e g m e n t ,  

T h e  l c a d i n g  cf t h e  a b s o l u t e  e l e m e n t  is r e l a t i v e l y  
s i m p l e .  ?he header record i d e n t i f i e s  t h e  l o c a t i c n  of t he  
u n d e f i n e d  ccmmcn a r e a s  a n d  t h e  numker of l oca t i cns  t c  be set 
t c  zerc. Ther t h e  f o l l o w i n g  c v e r l a y  s e g m e n t  reccrtds, t h o s e  
w i t h  a z e ~ c  f l a g  f i e l d ,  a r e  t r a n s f e r e d  t o  t h e  t e m p c r a r y  
s t c r a g e  sFec i f ied  k p  t h e  s y s t e m ,  Cnce t h e  main s e g m e n t  f l a g  
is e c c o u n t e r e d ,  t h e  reccrds are  scatter l o a d e d  i n t c  ccre. 

An e x a l a F l e  cf the a b s o l u t e  e l e m e n t  is s h o u n  in Figure 
1 5 .  T h e  a k s c l u t e  element SAEELE h a s  a 1% word ccieacn area 
k e g i n n i n g  a t  1000,. T h e  s t a r t i n g  a d d r e s s  is 10148. There 
are  no c v e r l a y  s e g m e n t s ,  t u t  t h e  e a i n  s e g e l a e n t  f l a g  
( 5 5 5 5 5 5  ) is shown anyway-  There are three reccrds cf 12a, 8 
200g, a n d  50, uerds .  ? h e  records are t c  be leaded a t  

l c c a t i o n s  101" YC24*, a n d  1224%, r e s p e c t i v e l y .  
'8 
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12 words 

200 words 

S A M P L E  

0 0 0 0 0 0 5 5 5 5 5 5  

1 0 0 0  1 2  

1 0 1 4  0 

5 5 5 5 5 5 0 0 1 0 1 2  

2 0 0 4 0 0 0 0 0 0 0 0  

2 0 0 4 0 0 0 0 0 0 0 0  

0 0 7 4 0 0 4 0 1 2 2 4  

0 0 0 0 0 0 0 0 1 0 1 2  

0 6 0 1 0 0 0 0 1 0 1 2  

0 0 7 4 0 0 4 0 1 2 3 1  

0 0 0 0 0 0 0 0 1 0 1 3  

0 3 0 0 0 0 0 0 1 0 1 2  

0 7 9 4 0 0 4 0 1 0 1 7  

2 0 1 0 0 5 3 0 1 0 3 4  

50 words 

5 5 5 5 5 5 0 0 1 2 2 4  

e Figure 15 Example of an 

Absolute Element 
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I h e  a l g c r i t h r  f a r  t h e  loade r  c o n s i s t s  of t h r e e  p h a s e s ,  
In t h e  f i r s t  Fhase, a l l  u s e r  relocatable e l e l r e n t s  are i n p u t  
a l o n g  w i t h  any s e g a s e n t  c o n t r o l  records. The data  s t r u c t u r e s  
r e F r e s e n t i n g  the i n p u t  a r e  c c n s t r u c t e d ,  i n c l u d i n g  lists cf 
r e f e r e r c e d  g l c f a l  addressee a n d  a t a b l e  of d e f i n e d  g l o b a l  
a d d r e s s e s ,  The E u b p r o g r a m  l i b r a r y  is s e a r c h e d  t o  f i n d  a n y  
g l c t a l  addresses  t h a t  ase r e f e r e n c e d  b u t  are n o t  d e f i n e d  i n  
t h e  user input, T h e  l i b r a r y  s u b p r o g r a m s  n e c e s s a r y  t o  
c o m F l e t e  t h e  program a r e  i n p u t  a n d  added  t c  t h e  t a t l e s ,  
T h r o u g h o u t  t h e  f i r s t  p h a s e ,  t h e  relocatable ccde is s t o r e d  
c r  E a f E  s t c r a g e .  

In the second p h a s e ,  t h e  common a reas  a n d  t b e  
sukprograss cf each s e g s e n t  are a l lccated a k s o l n t e  memory 
a d d r e s s e s  ( t e r a e d  t h e  ss~~rngr~~,,,egPr~a~~= O n c e  a 
s u k F r o g r a m  has keen a l l o c a t e d  its s u b ~ r o g r a r  address, t h e  
g l c f a l  add res ses  v i t h i n  i t  are a s s i g n e d  a b s o l u t e  addresses. 
When t h e  memory a l l o c a t i o n  is c o m p l e t e ,  t h e  c o m p l e x  
addresses  are ca lcu la ted ,  

I n  the t h i r d  F h a s e  t h e  re locatahle  ccde is i n F a t  from 
nass  e tc rage  a record a t  a time a n d  t r a n s l a t e d  t o  e x e c u t a b l e  
ccdc. The s u b E r o g r a m  r e l a t i v e  addresses  a r e  a d d e d  to t h e  
s u k p r o g r a m  a d d r e s s ,  each e x t e r n a l  r e f e r e n c e  to a g l o t a l  
a d d r e s s  is r e g l a c e d  w i t h  t h e  a k s o l n t e  a d d r e s s  a s s i g n e d  t o  
t h e  g l o b a l  address, t h e  references t c  ccmmcin areas are  
rrFJaced w i t h  t h e  aksolnte a d d r e s s e s  a s s i g n e d  tc t h e  ccmmon 
a r e a s ,  a n d  e a c h  r e f e r e n c e  t o  a c o m p l e x  address  i s  r e p l a c e d  
with t h e  v a l u e  of t h a t  c o m p l e x  address.  A l l  a d d r e s s  
r e f e r e n c e s  b e t w e e n  s e g m e n t s  a r e  made t h r o u g h  a l i n k a g e  t a b l e  
c o n s t r u c t e d  i n  t h i s  phase, T h e  e x e c u t a b l e  code is f o r m e d  a s  
s c a t t e r - l c a d  r e c o r d s  and p l a c e d  on t h e  o u t p u t  u n i t .  
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T h e  a l g c r i t h m  i s  d e s c h i k e d  i n  d e t a i l  i n  t h e  s n k s f q u e n t  
sections, These s e c t i c r s  descrike tbe d a t a  s t r u c t u r e s  
n e c e s s a r y  t o  r e p r e s e n t  t h e  i n fo rma t i c r  i n  memcsy, the 
cha rac t e r i s t i c s  c f  t h e  n e c e s s a r y  i r p u t / o u t p u t  rcutines,  a n d  
t h e  t h r e e  Fkases cf t h e  a l g o r i t h s .  T h e  d e s i g n  cf t h e  
a l g c r i t h r ,  i n c l u d i n g  i n p u t ,  o u t p u t ,  and d a t a  s t r u c t u r e s ,  is 
k a s E d  u p o n  e x i E t i n g  lcaders  [ 4 3  [ 5 ]  [ 77 a n d  t h e  d e s c r i p t i c n  
cf f c a d e r s  f cuEd ir, t h e  l i t e r a t u r e  [ l o ]  1113 [ 1 2 ]  [ 1 3 3 ,  

T h i s  E e c t i c n  g r e s e n t s  t h e  data  structures t h a t  a r e  u s e d  
g i t h i E  t h e  l c a d e r  t o  store t h e  d a t a  a n d  t a  p r o v i d e  the 
e a s i e s t  access t o  i t  f o r  a l l  t h e  f u n c t i o n s  of t h e  l o a d e r ,  
C n c ~  t h e  E tsuc tures  h a v e  b e e n  d e t a i l e d ,  some a l t e r n a t i v e s  
will be c e n E i d e r e d  b z i e f l y ,  It is assumed t h a t  t h e  r eade r  
is fami l i a r  w i t h  d a t a  s t r u c t u r e s  such as a q u e u e ,  a 
s e q u e n t i a l  l is t ,  a n d  a l i n k e d  l ist ( e - g , ,  as descrc i ted  i n  
Knu th  [14] ) .  Bcwever l  a few k a s i c  d e f i c i t i c n r  are i n  
o r d e r ,  T h e  i n f c r a a t i o n  i n  a data  s t ruc ture  ccneis ts  o 
s e t  cf J'IC~'IC~ R n c d e  w i l l  a l s c  ke ca l led  an g z x ~ ~  @I., or  
a iJescriEtgg, Each n o d e  c c n s i s t s  of c n e  cr mcre ecasecutive 
wards of memory, The addfesz cf a rode is t h e  

location af i t s  f i r s t  wcra and is a l s o  referred tc  as a 
~sjg_t_ez, l i n k ,  cr refegfp,cel ncde h a s  one CIC 

E a r l s  c a l l e d  fiel_ds, 

For examFle, a s i n g l e  wcrd is a node ,  W i t h i n  this 
pape r  the f i e l d s  cf a s i n g l e  wcrd w i l l  be named a s  aha  
F i 5 a a ; e  16, T h e  full word a t  address i is Earced 8 t h e  
t a c  h a l v e s  are n a r d  R l ( i )  and H 2 ( i )  a n d  the q u a r t e r  
are narred $ l ( i ) .  Q Z ( i ) ,  Q 3 ( i ) ,  a n d  Q 4 ( i ) .  f d i t h i r !  
ccntext cf t h i s  p a p e r  each word is a s s u m e d  t o  c o n t a i n  two 



W(i)z contents of the memory word a t  address i 

H l ( i ) z  contents of the  f i r s t  ha l f  of t he  word a t  i 

H2(i)E contents of the second half  of the word a t  i 

A l ( i ) z  contents of the  address portion of the  

f i r s t  ha l f  of the  word a t  i 

A2(i): contents of the address portion of the 

second ha l f  of the word a t  i 

WMS(i)r contents of the word a t  i except the  

s ign  b i t  

SIGN(i)E contents of the  s ign  b i t  of t h e  word a t  i 

Ql ( i ) s  contents of the f i r s t  quarter of the 

word a t  i 

Q2(i)E contents of the  second quarter of the 

word a t  i 

Q3(i)E contents of the  t h i r d  quarter of the 

word a t  i 

Q4(i)Z contents of the  fourth quarter of the 

word a t  i 

Figure 16 Field Descriptions of a Memory Word 
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address f i e l d s ,  A l ( i )  a n d  A 2 ( i ) ,  located i n  t h e  r i g h t  most 
Fart  cf e a c h  h a l f - w c r d ,  The left-mcst k i t  cf e a c h  word is 
n a n e d  S I G B ( i )  , a n d  t h e  r e m a i n i n g  p o r t i o n  of t h e  wcrd is 
E a r e d  EMS (i). 

T h e  l o a d e r  h a s  t h e  m a i n  memory a v a i l a b l e  a s  a s t o r a g e  
a r e a ,  In a d d i t i c n ,  t h e  s y s t e m  p r o v i d e s  t e m p o r a r y  s t o r a g e  
t h r o u g h  t h e  110 Frccesscr, l s e c r e t a r y 1 '  (SEC), w h i c h  is 
d e s c r i b e d  I n  d e t a i l  i n  a s u k s e g u e n t  s e c t i c n ,  ? h e  ma in  
merecry i s  random access w c r d - a d d r e s s a k l e ,  w h i l e  t h e  
s e c r e t a r y  c a n  s t o r e  a s e q u e n t i a l  series of v a r i a k l e  l e n g t h  
reccrds  a t  a n y  cne of a l a r g e  nua tke r  cf e y m t c l i c  mass 
s t c r a g €  l c c a t i o n s  ( i - e . ,  t h e  s e c r e t a r y  p r o v i d e s  t h e  effect 
c f  a r andoa :  access  mass s t o r a g e  f i l e  s y s t e m  w h e t h e r  c n e  
exists CI: n c t ) ,  

T h e  memory r e q u i r e m e n t s  of t h e  l o a d e r  a r e  of f o u r  
tJrFes: (a) a f i x e d  numbex of v a r i a b l e s  a n d  p o i n t e r s  i n  t h r e e  
t a t l e s ,  ( t )  a r e t  cf e x F a r ! d i n g  t a b l e s ,  ( c )  a n  i n p u t  knffer 
a r e a  i n  w h i c h  t c  p l a c e  i n p u t  r e c c r d s ,  and (a)  a m u l t i - u s e  
a r ea  t h a t  can te u s e d  t c  s tore  t e m p o r a r y  i r format ion  d u r i n g  
t h e  first Gart cf t h e  algorithm a n d  as an c n t p u t  b u f f e r  i n  
the f a t t e r  €art  of t h e  a l g o r i t h m ,  F i g u r e  17 shows t h e  basic 
f c r a  of t h e  r e q u i r e d  memory a rea ,  T h e  t h r e e  t a b l e s  i n  t h e  
f i r s t  s e c t i c n  c o n t a i n  the p o i n t e r s  a n d  v a r i a b l e s ,  t h e  t a k l e  
d e s c r i F t o r s  f cr  a l l  t h e  f c l l o w i n g  t a b l e s ,  a n d  t h e  h a a h  
t a k l e .  T h e  p o i n t e r s  a n d  v a r i a k l e s  w i l l  ke i n t r o d u c e d  
t h r o u g h o u t  t h e  algorithin and their s p e c i f i c  lccaticn i n  t h e  
t a k l e  is i n c c n r e g u e m t i a l .  T h e  h a s h  table will te e x p l a i n e d  
l o  d e t a i l  w i t h  t h e  d e f i n e d  s y m b o l  takle.  The table and  
b u f f e r  d e r c r i g t o r r  a re  i n t r o d u c e d  i n  F i g u r e  18. E a c h  
d e s c r i F t o r  c o n s i s t s  cf f o u r  f i e l d s  in two words C,E,L, a n d  
R, E a c h  d e s c r i F t c r  is d e f i n e d  b y  its a d d r e s s ,  I n  order t o  
d i s t i n g u i s h  t h e  d e s c r i p t o r s ,  a b b r e v i a t i o n s  f o r  the t a k l e s  
a i l 1  k e  u s e d  t c  rase t h e  d e s c r i p t o r  a d d r e s s e s .  
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F(DST) 

F(TBL)- 

L(1W)- 

F(0UT) - 

L (OUT) - 

Pointers & Variables 

Table & Buffer Descriptors 

- - - - - - -  e - - - - -  

- - - - - - - - - - - - -  
Hash-Table 

Tables 

Input 

Buffer 

output 

Buffer 

-- 
SEG I 1 tables 
DST 

-7- - 

--- 

Figure 1 7  Orientation of Memory Tables 
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Tables and Buffers 

TBL t a b l e  area for :  

SEG segment descr ip tor  t a b l e  

ENT element descr ip tor  t a b l e  

DST defined symbol descr iptor  t ab le  

UST t a b l e  of unresolved symbols 

ELT overlay l inkage t ab le  

CAT common area t a b l e  1 
5 

I 

IN" input buf fer  

5 

OUT output buf fer  and temporary'>table area for :  

AVAIL t a b l e  of ava i lab le  ceks 

Q l i b r a r y  queue 

'i 
Tab l e  Descriptors P, 

i 

For each of the  above tab les  and buf fers  there  is ;a two word 
descr ip tor  of t he  following format: i, 

i 

i 

CZ address of t he  current  entry i n  the  
4, 

1 t a b l e  o r  buf fer  L l i  
I ,  

FZ address of the  f i r s t  p t r y  i n  the 

t a b l e  o r  buf fer  

address of t he  last enyry i n  the  

t a b l e  o r  buf fer  

L E  

NZ number o r  e n t r i e s  i n  the  t a b l e  o r  buf fer  

Figure 18 
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T h e  e x F a n d i n g  t a k l e s  a r e  F l a c e d  i n  t h e  area cf memory 
d e f i n e d  b y  t h e  F and  L f i e l d s  c f  t h e  'IBL d e s c r i p t o r .  W i t h i n  
this a r e a  a r e  the s e g m e n t  d e s c r i p t o r  table  (SEG), t h e  
e l c r e n t  d e s c r i F t o r  t a b l e  (EN'I) I t h e  d e f i n e d  s y l r l c c l  t a k l e  
( C S ' I ) ,  t h e  t ab l e  c f  u n r e s o l v e d  s y m b c l s  (UST), t h e  overlay 
l i n k a g e  t a b l e  (EI?), and t h e  common area t a b l e  ( C B e l )  - Each  
of  t h e s e  t a t l e s  h a s  a d e s c r i g t c r ,  T h e  limits cf t h e  i n F u t  
t u f f e r  a n d  the c n t F u t  k u f f e r  a r e  d e f i n e d  by t h e  F a n d  L 

fields of  t h e  I N D  d e s c r i F t o r  a n d  OD? d e r c r i F t o r ,  
respectively. W i t h i n  t h e  C u t F u t  tuffer area are twc t a k l e E ,  

a t a b l e  cf  a v a i l a k l e  twc-word  c e l l s  (AVAIL) a n d  a q u e u e  of 
required l i b r a r y  z c b p r o g r a a s  (C) . 

The g h i l c r o p h y  of  the a l g c r i t h E  p r e s e n t e d  is t c  form a 
d a t a  s t r u c t c r e  i n  memory t h a t  r e p r e s e n t s  t h e  memory 
a l l c c a t i c n  cf the F r o g r a m .  O n c e  t h i s  s t r u c t u r e  is c a m p l e t e ,  
t&en t h e  t r a n s l a t i c n  of r e l o c a t a k l e  code t o  executable c c d e  
can h e  Ferformed. T h i s  r e q u i r e s  t h a t  a l l  user i n p u t  a n d  
l i t r a r y  i n F u t  kc r e p r e s e n t e d  i n  memory. However ,  t h e  
r e l o c a t a k l e  ccde 4 $TEXT c c n t r c l  r e c o r d s )  is f l a c e d  on 
t e m F o r a r y  s t o r a g e  a n d  r e p r e s e n t e d  by s to rage  l c c a t i o n  a l o n e .  

Each s e g m e c t  is r e F r e s e n t e d  ky a s e g m e n t  d e e c r i F t o r .  
T h e r e  is a t  l e a s t  cne s e g m e n t  d e s c r i F t o r ,  whether  or n e t  
QSEG ccctzcl r f c c r d z  a re  i n p u t .  T h e  f i e l d s  are d e f i n e d  
s p c i f i c a l l y  i n  Figure 19. However ,  s e v e r a l  f i e l d s  s e r v e  
d u a l  f u n c t i c n s  a n d  a r e  the re fo re  a s s i g n e d  t w o  names.  For 
e x a m F l e ,  for a s e g m e n t  d e s c r i p t o r  l o c a t e d  a t  a d d r e s s  i, 
f i l ( i + l )  i s  named ICE [(i) and bACR ( i ) ,  and Hl(f+4) is named 
€IC (i)  w h i l e  C ; l ( i + 4 )  a n d  G 2 ( i + 4 )  r e p r e s e n t  the same f i e l d  
a n d  a r e  named CCUll t i )  ard  MREL ti)- S e g m e n t  d e e c r i F t o r s  
a r e  l i n k e d  t c g e t h e r  k y  t h e  N X l S E Q  f i e l d  i r !  t h e  crder t h e y  
were input a n d  ky t h e  NSEG f i e l d  i n  t h e  crder t h a t  t h e y  a re  
t o  k e  o u t F u t ,  I n  a d d i t i o n ,  e a c h  s e g m e n t  F c i c t s  t c  t h e  
k e g i n n i n g  a n d  r c d  of a c b a i n  of e l e m e n t  d e s c r i p t o r s  
( r e F r e s e n t i n g  t h e  E u b F r o g r a m s  t h a t  b e l o n g  t o  i t )  t h r o u g h  t h e  
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Z?CF a n d  SECl f i e l d s ,  The l ist  of s e g m e n t  r e l a t i c n  u c r d s  a t  
the  e n d  c f  t h e  s e g m e n t  d e s c r i p t o r  a r e  u s e d  t o  r e p r e s e n t  t h e  
Fredecesscrs l i s t e d  on t h e  $SEG c o n t r o l  r e c o r d .  

Each s u l p r c s r a r s  is r e p e s e n t e d  b y  a n  element 
d e s c r i p t o r ,  Each e l e m e n t  d e s c r i p t c r  cons i s t s  cf a n  e i g h t  
word t l o c k  f o l l c w f - d  hy t h r e e  lists: t h e  C C B ~ C E  s y m k c l  l ist,  
t h e  u n d e f i n e d  s y r t a l  l ist ,  a n d  t h e  comFlex addrere  list.  
Fisure  20 d e s c r i k e s  t h e  d e x r i z t o r  a n d  s h o w s  hcw t h e  wain 
t l c c k  F c i c t s  t c  t h e  t h r e e  lists t h r o u g h  t h e  C S L ,  CSL, a n d  
C A I  f i e l d s .  E a c h  c l e m e n t  d e s c r i p t o r  is l i n k e d  i o  t h e  n e x t  
e l e m e n t  d e s c t i F t c r  i n  t h e  s e g a e n t  c h a i n  b y  t h e  next f i e l d ,  
T h e  SFGE f i e l d  cf t h e  clement d e s c r i p t o r  p c i n t s  t u  t h e  
s e g m e n t  d e S C r i F t C r  t c  w h i c h  i t  b e l o n g s ,  a n d  t h e  fSL f i e l d  
F o i n t s  t o  a c h a i r :  cf g l o t a l  s y H t c l s  t h a t  occur  w i t h i r !  the 
sutFrograa,  

The commcn a l e a  d e s c r i p t c r  is shown i r  F i g u r e  21. 

T h e r e  is cne twc-word d e s c r i F t c r  f c r  e a c h  commn area, T h e  
ccFncn area descriEtors a re  stored s e q u e n t i a l l y  frcm I (TEI) 
t o u a r d  P (TEI) , 

T h e  d e f i n e d  symbcl desc r iF to r  is s h o w n  i n  F i g u r e  22, 

There is c n e  f i v e - w o r d  d e s c r i p t o r  for e a c h  g l o b a l  a d d r e s s  
E F e C i f i e d  i n  a relccatakle a d d r e s s .  Each  d e s c r i p t o r  p c i n t s  
t c  t h e  element d e s c r i p t o r  a n d  the s e g m e n t  d e s c r i F t o r  i n  
which t h e  g l c b a l  a d d r e s s  OCCUIS t h r o u g h  t h e  PITA a n d  SEGD 
f i e l d s ,  r e s p e c t i v e l y ,  D e f i n e d  s y m k u l  d e c r i F t c r s  of one 
suhsl ; rogram are l i n k e d  to e a c h  c t h e r  by t h e  ELTL f i e l d .  In 
a d d i t i o n ,  i t  is necessary t h a t  all d e f i n e d  s y n b o l s  e x i s t  i n  
cnt. t a h l e ,  3s t h i s  t a k l e  is s e a r c h e d  for s p e c i f i c  s y B k o l i c  
a d d r e s s e s  a a a y  times, i t  is b e s t  if t h e  s e a r c h  t a k e s  a s  
f i t t l e  time a s  g o s s i b l e .  For t h i s  p u r p o s e ,  h a s h - c o d i n g  is 
used. ? b e  €'(E$?) field conta ins  the a d d r e s s  cf a t a k l e  cf 
a d d r e s s e s .  A f u c c t i o n  f (s), t h a t  un i formal ly  dfstr ikutes  
the  s e t  of a l l  symtolic names s, is  used t c  select one of 
t h e  takle l cca t icnr ,  x {x+- P (DST) + f (s)). T h i s  is c a l l e d  
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i 

~~ 

COMS (i) 

MsIZ(i) 

CABSLC ( i )  

symbolic name of the common 
area 

number of words in  the common 
area 

absolute location assigned to 
the common area 

Figure 21 Common Area Descriptor 
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i 

SEGD(i) I ELTL (i) 1 

e next defined symbol i n  t h e  overlay 

ess of t h e  next defined symbol i n  t h e  defined 

r i p t o r  of t h e  segment 

Figure 22 Defined Symbol Descriptor 
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h a s h - c o d i n g  a n d  is f u r t h e r  e x F l a i n e d  kelow, T h e  c h a i n  of  
d e f i n e d  s y n t c l  d e r c r i F t o r s  p o i n t e d  t o  b y  x c o r t a i r  sylekol ic  
E a x e s  t h a t  Frcdace  t h e  same v a l u e  of x a n d  are  l i n k e d  
t c g e t h e r  C y  the FZ f i e l d  cf e a c h  d e s c r i p t o r .  Ihereforr ,  
s f a r c h i n g  t h e  d e f i n e d  s y m b o l  t a b l e  f o r  t h e  d e s c r i F t o r  w i t h  
t h e  same name, s, is j u s t  a m a t t e r  of s e a r c h i n g  t h e  s u k s c t  
o f  d e f i n e d  s y s k c l s  t b a t  t h e  f u n c t i o n  maFs s i r t c .  D e f i n e d  
s y m k o l  d e s c r i p t o r s  a r e  a l s c  placed i n t o  t h e  t a k l e  when no 
clerrent h a 3  y e t  teen f o u n d  t h a t  c o n t a i n s  t h e m .  I n  this cam? 

t h e p  a re  a l s o  l i n k e d  t o  a c h a i n  o f  d e s c r i p t o r s  c a l l e d  t h e  
t a b l e  cf u n r e s o l v e d  symbols.  T h i s  t a b l e  is p o i n t e d  t o  t y  
t h e  IJ5Z t a b l e  d e s c r i p t c r ,  

F i g u r e  2 3  s h c u s  t h e  format  of  t h e  l i b r a r y  q u e u e  e n t r y -  
? h i s  is  a twc-rcrd e n t r y  t h a t  is u s e d  t o  r e p r e s e n t  e a c h  
l i b r a r y  s u b F r c g x a E  t h a t  m u s t  be input tc: comFlete t h e  
proqras. 'Ibe o u e u e  i s  F o i n t e d  t o  by the 6 t a b l e  d e s c r i p t o r ,  
Ihe L I E L C C  f i e l d  c c o t a i n s  t h e  I G ~ E S  s t a r a g e  l c c a t i c n  for t h e  
z e l c c a t a k l e  elemert c c n t a i n i n g  t h e  s u k p r c g r a m .  ? h e  ESEG 
field c o n t a i n s  t h e  a d d r e s s  cf t h e  s e g m e n t  d e a c r i F t o r  t o  
w h i c h  the s u b y r c g r a m l s  e l e m e n t  d e s c r i p t o r  is t c  be a t t a c h e d .  
The queue of  l i b r a r y  e n t r i e s  are l i n k e d  t o g e t h e r  hy t h e  
N E X l C  f i e l d .  The l i b r a r y  q u e u e  is a c h a i n  of e n t r i e s  t h a t  
v a r i e s  i n  l e n g t h ,  A c h a i r :  of a v a i l a b l e  en t r ies  is p o i n t e d  
t o  ky the B V i l l L  t a b l e  d e s c r i F t o r .  T h e s e  entries (shown i n  
F i g u r e  24) a re  l i n k e d  t o g e t h e r  t y  t h e  LINK f i e l d .  A E  a new 
e n t r y  is n e e d e d ,  one is d e t a c h e d  frcm t h e  c h a i n  of avai lable  
e n t r i e s  a r d  a t t a c h e d  t o  t h e  q u e u e ,  Once  an e n t r y  h a s  
f u l f i l l e d  i t s  u s e f u l n e s s ,  i t  is r e t u r n e d  t o  t h e  c h a i n .  

Some of t h e  i n t e r - r e l a t i o n s h i p s  k e t w e e n  t h e  d e s c r i p t o r  
t a t l e s  a r e  s h G I i n  i n  Figure 25. T h e  segnrent descriFtors 
a F F r a r  i n  t h e  left-most c o l u m n  a n d  a r e  l i n k e d  t o g e t h e r  via 
the ESEG f i e l d s ,  Each s e g m e n t  d e s c r i p t o m p o i n t s  t o  a c h a i n  
of element d e s c r i F t c r r  i n  t h e  c e n t e r  co lumn.  These 
d e s c r i F t o r s  are l i n k e d  t o g e t h e r  u i t h i r !  t h e  c h a i n .  Each 
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a *  

LIBLOC( i) 

ESEG( i) 

NXTQ (i) 

m a s s  s to rage  loca t ion  of 
t h e  l i b r a r y  subprogram 

address of t h e  segment 
desc r ip to r  which corresponds 
t o  t h e  segment t o  which t h e  
subprogram belongs 

address of t h e  next  
l i b r a r y  queue e n t r y  

Figure 23 Library  Queue Entry 

address of  t h e  next cell  
i n  t h e  chain of a v a i l a b l e  
cells 

Figure 24 Chain of Available Cells Entry 
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e l e m e n t  d e s c r i F t o r  c o n t a i n s  F c i n t e r e  tc  f c u r  synkcl lists 
f c r  t h a t  elertent: t h e  u n d e f i r e d  symbol l i s t ,  t h e  d e f i n e d  
E y n t c l  l i E t ,  t h e  ccmmcn symbol list, a n d  t h e  complex a d d r r e s s  
list, A l l  erceFt the d e f i n e d  spmhol l ist  a r e  stored 
s e q u e n t i a l l y .  Tke d e f i r e d  s y m k o l  list f o r  e a c h  element 
c o n s i s t s  cf  a s e r i e s  of c h a i t s  of def ined  sytrkals  t h a t  a r e  
r e f e r f n c e c !  t b r c u g h  a h a s h  ta l t l e ,  This e x a c F l e  d c e s  n c t  shcw 
all t h e  F c s s i t l e  r e l a t i c n s h i F s  d u e  t c  the c c a F l e x i t g  af  t h e  
r e s c l t i n g  d i a g r a E .  F c r  e x a m p l e ,  e a c h  e l e r e c t  d e s c r i F t e r  
F c i c t s  b a c k  t c  i t s  c o r r e s p o n d i n g  s e g m e n t  d e s c r i p t o r .  Fcr 
t h i E  reascn t h e  e x a r F l e s  F r e s e n t e d  i n  t h e  f o l l c w i r g  secticns 
tiill i c s t e a d  E ~ C I I  a * * s n a p s h o t 1 *  of m e a o r y ,  w i t h  t h e  ac tua l  
a d d r e s s e s  given, 

S e v e r a l  c c n d i t i o n s  l e d  t c  t h e  d a t a  s t r u c t u r e  d e s c r i b e d  
abcve,  First, t h e  numker  of d e s c r i p t o r s  of aoy c n e  t y F e  i s  
nct Rnawn a p r i o r i .  E y  a l l o u i n g  a l l  t h e  t a k l e s  t c  e x i s t  
w i t h i n  t h e  saDce a r e a ,  maximum use is made o f  a v a i l a t l e  s p a c e  
w i t h o u t  the lccther cf r e p c g i t i c n i n g  tables .  Seccrd; c e r t a i n  

d e s c r i F t o r s  h a d  t o  e x i s t  w i t h i r  s e v e r a l  tables, Pcr  
e x a m F l e ,  t h e  d e f i r e d  symkol  d e s c r i p t c r  entry is l i n k e d  t c  

t h e  d e f i n e d  ~ynctcl t a k l e  a n d  t c  t h e  d e f i n e d  eynbcl  l i s t  f e r  
the e l e e e r t  i n  k h i c h  it c c c d r e d ,  a n d  p o s s i b l y  t c  t h e  OST c r  
ELI c h a i n s ,  T h i r d ,  both t h e  s e g m e n t  d e s c r i p t o r  t a k l e  a n d  

W i t R  t h e  e l e n e c t  dEscr iFtcrs  zesu i r e  r e - o r d e r i n g ,  
s e q u e n t i a l  l ists re-ordering is  d i f f i c u l t  b u t  w i t h  linked 
l i s t s  it  is r e l a t i v e l y  easy; 

I n  r e g a r d  t~ t h e  d e f i n e d  E y s k c l  t a k l e g  i t  is  kscrthwile 
t c  d i s c u s s  a l t e r n a t i v e  m e t h o d s  cf c r g a n i z a t i c n ,  T h e  

a l g o r i t h m  r e q u i r e s  t h a t  t h e  t a f i l e  t~ s e a r c h e d  f r e o u e c t l p  a n d  

that additions t e  lead€ t o  t h e  t a k l e  her  a n y  search is 
u n s u c c e s s f u l .  The s o l u t i o n s  c o n s i d e r e d  were: 

(a] IJggag-s~ggch . l i n k  a l l  s y m k o l s  t o ~ e t b e r  i n  a 

l i n e a r  l i s t ,  
( k )  g i n g z y - s f a r c h  A s s i g n  a n  order t c  a l l  symkcPs ,  
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Link a l l  s y m k o l s  t c g f t h e r  i n  a b i n a z y  tree, w h e r e  
the l e f t - l i n k  a l w a y s  p o i n t s  t o  a s y r k c l  cf lower 
c rde i ,  a n d  t h e  r i g h t - l i n k  a l w a y s  p o i n t s  t c  a 
s p m b c l  cf h i g h e r  crder, 

s y m k c l i c  name s, t o  a t a b l e  of a d d r e s s e s ,  w h e r e  
E a c h  a d d r e s s  F o i s t s  t o  a c h a i n  of syrkcls w i t h  
i d e n t i c a l  v a l u e s  o f  f is) .  

( c )  l n ~ & z c g P j g g  . Lap a f u n c t i o n  f (s) , c n  t h e  

The f i r s t  m e t h c d ,  tke l i n e a r  list i s  t h e  SiQE-Flest 
m e t h o d  t c  in.Fleeent k u t  i t s  a F e r a t i o n  slcws dcwl! l i c e a r l y  
k i t h  the nuirker  cf e n t r i e s .  ? h e  seccnd m e t h c d ,  t h e  k i n a r y  
search, c f f e r s  t h e  f a s t e a t  s e a r c h  o f  a l i n k e d  l ist  t h a t  can 
bs trade. Hctiever, t h e  m e t h c d  r e q u i r e s  t h a t  the b i n a r y  tree 
k e i n q  s e a r c h e d  i s  b a l a n c e d .  As new e n t r i e s  a r e  a t t a c h e d  t o  
the  tree t h e  n e c e s s i t y  of r e b a l a n c i n g  arises, As t h e  list 
of  d e f i n e d  symbols is c o n s t a n t l y  e x p a n d i n g ,  the o v e r h e a d  in 
this m e t h c d  is t cc  g r e a t .  The m e t h c d  c h c s e n ,  h a s h - c c d i n g ,  
c a n s t r a i n s  t h e  search t c  a s u b s e t  of a l l  entries,  T h e  
l a r g e r  t h e  h a s h  t a t l o  t h e  f a s t e r  the s e a r c h .  In crder  . to 
a c h i e v e  nariganm d e s i r a k i l i t p ,  t h e  h a s h  f u n c t i o n  shau ld  rap 
t h e  g l c b a l  symbols t o  t h e  t a b l e  i n  a u n i f o r m  d i s t r i b u t i o n ,  
and t h e  t a b l e  s h o u l d  n o t  be so l a r g e  a s  t o  waste s p a c e ,  but 
l a r g e  encrugh so t h a t  t h e  s e a r c h  d o e s  n c t  r e q u i r e  a n  
i n o r d i n a t e  amscunt of t i re ,  An e x a m p l e  wou ld  be a f u n c t i c n  
t h a t  mapped t h e  f irst  c h a r a c t e r  of t h e  name t c  a t a t l e  of €4 
e n t r i e s  ( c o n s i d e r i s g  a 6 - t i t  c h a r a c t e r ) .  T h e  a c t u a l  s ize  of 
t h e  t a t l e  a n d  d e f i c i t i c n  cf f 4s) w i l l  defend uFon t h e  
F a r t i c o l a r  i n p l e a e n t a t i o n .  P u r  t h i s  r e a s o r ,  n e i t h e r  is 
sE;ec i f ied  w i t h i n  t h i s  r e p c r t .  { S e e  [IS] for a survey of 
h a s h - c c d i n g  t e c h n i q u e s . )  
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The a l g o r i t h m  is  F r e s e n t e d  i n  t h i s  s e c t i o n  a s  a s e r i e s  
o f  d e t a i l e d  flcw charts u i t h  a c c c m E a n y i n g  d e s c r i F t i c n .  The 
format  of t h e  flcw c h a r t s  is f a i r l y  s i m p l e ,  T h e  t ackward  
a r r c u  ( +  or  +-) is used a s  a r e p l a c e m e n t  c p r a t a r ,  T h e  

r e l a t i o n a l  oFa ra t c r s  (=,#,<,<,>,2) are  o n l y  u s e d  a t  a 
F r c g r a m  k r a n c h  F c i n t ,  T h e  k c x  ( 1-1 ) is u s e d  t o  
enc lc se  r e r l a c e m e n t  o p e r a t i c n s .  T h e  d i a l e c n d  
a n d  t h e  h e x a g c n  are u s e d  t o  deno te  p r o g r a m  
k r a n c h  F c i c t s ,  The ova l  ( (-)) is u s e d  t o  d e n c t e  a 
f u n c t i c n  c a l l .  A l l  f u n c t i o n s  t h a t  a r e  c a l l e d ,  e x c e ~ t  SEC c r  
I C ,  h a v e  a c c r r e s F c n d i n g  f l o w  c h a r t  d e f i n i n g  t h e l c .  Fcur 
f n n c t i a n s ,  C H ( i @ j ] ,  E Y T ( i , j , k ) ,  f (s), a n d  g { s )  ax€ used in 
t h e  r e F l a c e m e n t  c F e r a t i c n s  a n d  a r e  d e f i n e d  a t  t h e i r  f i r s t  
a p p  eara n c  e , 

(0' 
{ <-> 1 

A t  seve ra l  Fcints t h r o u g h o u t  the a l g o r i t b m ,  t es t s  a r e  
made for a n  errcr c o n d i t i o n  ( e - g . ,  t a b l e  o v e r f l o u ,  i r p r o g e r  
format ,  e t c , ) .  These Erro r  c c n d i t i c n s  soay be f a t a l  o r  non- 
f a t a l ,  B c n - f a t a l  errors a re  n o t e d  w i t h i n  t h e  flow c h a r t .  
T h i s  r e p l a c e s  t h e  t y p i c a l  a c t i c n  cf a d i a g n o s t i c  m e s s a g e  t o  
the u s e r ,  F a t a l  errors cause a branch t o  an e r r c f  a x i t ,  
f a t e l l e d  E. R a t h e r  t h a n  p r e s e n t  a n  e r r o r - h a n d l i n g  r o u t i n e ,  
a t a k l e  of f a t a l  errcr t y p s  is s h c w n  i n  Table 1. 

'In o rde r  t o  c o n c e n t r a t e  on t h e  a l g o r i t h m  f c r  a l c a d e r  
t h e  d e t a i l s  cf i n p u t ,  c u t p u t ,  a n d  mass storage w i l l  ke 
a v o i d e d .  Two f u n c t i o n s ,  IS and SEC, will be d e f i n e d  t o  

Ferform these tasks, T h e  € u c c t i c n  I O  Ferfcrms t h e  set cf 
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E l  

E2 

E 3  

E4 

E5 

E6 

E7 

E 8  

E9 

E10 

E l l  

E12 

E 13 

E14 

1/0 e r r o r  condition from t h e  func t ion  I O  

f i l e  system e r r o r  from the  func t ion  SEC 

i l l e g a l  con t ro l  record encountered i n  u s e r  input 

segment i d e n t i f i e r  missing from $SEG con t ro l  record 

a v a i l a b l e  t a b l e  space (TBL) overflowed 

more than  one main subprogram is s p e c i f i e d  

a segment is referenced but  is no  where defined 

t h e  p a r t i a l  o rder ing  given i n  the  overlay desc r ip t ion  is not  
comp 1 et e 

a n  element desc r ip to r  is referenced but is nowhere defined 

a por t ion  of t he  l i b r a r y  index is referenced but cannot be 
found 

t h e  memory space a v a i l a b l e  f o r  program a l l o c a t i o n  has  been 
exceeded 

the  mass s to rage  loca t ion  referenced conta ins  no information 

an address re ference  is made between segments t h a t  overlay each 
o the r  

t h e  l ist  of a v a i l a b l e  cells i s  empty 

Table 1 F a t a l  e r r o r  conditions f o r  t h e  loader  algorithm 
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i n F u t / c u t E u t  o r e r a t i o n s  w i t h  a s p e c i f i e d  u n i t ,   he f i v e  
o F c r a t i c n s  used w i t h i n  the a E g o r i t h m  are d e t a i l e d  i n  T a k l E  

2 ( a ) .  

? b e  f u r c t i c n  SEC is a s i m F l e  f i l e  m a i n t e n a n c e  s y s t e i t  
t h a t  w i l l  ke re fer red  t o  a s  t h e  "secretary,vV T h e  f i v e  
o F e r a t i o n s  t h a t  t h e  s e c r e t a r y  Ferforms are d e t a i l e d  i n  T a k l e  
i ( k ) .  T h e  format  cf t h e  f u n c t i o n  c a l l  i s  SEC (i, I l N A M E  , e 
. . ), where i s p c i f i f s  t h e  c p r a t i c n  a n d  C N A E E  i s  t h e  

file i d e r t i f i e r .  The f i l e  i d e n t i f i e r  is a s y m k o l i c  nams 
a s s o c i a t e 6  w i t h  a g i v e r  s e t  cf records,  termed a f i l e .  T h e  
f i r s t  o p e r a t i o n  ( i = l )  reads  a r e c o r d  frcm t h e  f i l e  MNAME. 
The s e c o n d  c p e r a t i c n  ( i = 2 )  writes a record t o  t h e  f i l e  
M I A M E .  I n  k c t h  o p e r a t i o n s  t h e  f i l e  is F c s i t i c n e d  a t  t h e  

c e x t  reccrd c n c e  the o F e r a t i o n  is c o t a p l e t e d ,  T h e  t h i r d  

c F e r a t i o n  ti=:) a s s i g n s  a s y a c k c l i c  f i l e  came t c  RBAEE. T h e  

f c u r t h  c E e r a t j . c n  (1=4) p o s i t i o n s  the f i l e  t o  t h e  a F e c i f i e d  
reccrd i n  t h e  f i l e  t ! lNAHE,  T h e  f i f t h  o p e r a t i o n  ( i = S )  
releases t h e  f i l e  EBAEE t o  t h o  s e c r e t a r y .  Ihe f i l e  a c t s  
l i k e  a seFarate IlC u n i t ,  S u c c e s s i v e  read  o p e r a t i o n s  will 
read s u c c e s s i v e  r e c o r d s ,  T h e r e f o r e ,  in t h e  case cf c n e  
record t c  a f i l e ,  t h e  s e c r e t a r y  p r o v i d e s  s y u k c l i c  random 
access t o  i n f o r m a t i o n  placed o n  mass s t o r a g e  w h e t h e r  o r  n o t  
a c t u a l  racdcge acceEs i s  F o s s i t l e .  

A l t h o u g h  nct Ehown i r :  t h e  t a b l e ,  b o t h  f u n c t i c n s  p r o v i d e  
t h r e e  r e t u r n  c c a d i t i o n s  wher  t h e i r  tasks a r e  ccmFlete, 
n o r m a l  (N), error * ( E R R ) ,  a n d  end-of-infcrmaticn (ECI) . T h e  
n o r m a l  r e t u r n  c c c u r s  when t h e  t a s k s  are  C c E F l e t e d  a s  
reqwsted. An errcI: r e t u r n  i n d i c a t e s  an i n F n t / o u t F u t  u n i t  
error ,  while an e n d - o f - f i l e  r e t u r n  i n d i c a t e s  t h a t  a F h y s i c a l  
e n d - o f - f i l e  mark  Bas e n c o u n t e r e d  d u r i n g  a n  operation of  t h e  
fC f u n c t i c n  o r  t h a t  an e n d - o f - i n f c r m a t i o n  was e n c o u n t e r e d  i n  
the f u n c t i o n  SEC, 

' i h r e e  c t h e r  r c u t i n e s  a r e  d e t a i l e d  i n  t h i s  s e c t i c n ,  
B U ; I Z D L I S T ,  EUT, a n d  GE'I ,  These t h r e e  r o u t i n e s ,  d o s c r i t e d  a s  
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(a) I O :  t h e  1/0 rou t ines  

I O  (1, IU,PLACE ,N) 

IO(2, IU,PLACE , N) 

I O  (3 ,  IU,PLACE ,N) 

I O  ( 4  , IU) 

IO(5, IU) 

(b) SEC: the  1/0 sec re t a ry  

SEC( 1 ,MNAME ,PLACE $N) 

SEC(2,MNAME ,PLACE ,N) 

SEC( 3 ,MXAME) 

SEC( 4 ,MNAME ,I) 

read a record from u n i t  I U ,  t ransmi t  N 

words of i t  t o  core loca t ion  PLACE and 

following 

w r i t e  a block of N words as a record t o  

u n i t  I U  from core l o c a t i o n  P L A a  through 

PLAcE+N-1 

read a record from u n i t  I U  t o  core loca- 

t i o n s  PLACE and following, p lace  t h e  

number of words i n  N 

rewind I U  

w r i t e  an end-of-file on I U  

read a record from m a s s  s torage  f i l e  MNAME 

t o  core loca t ions  PLACE and following; 

p lace  t h e  number of words in N 

w r i t e  a record of N words from core loca- 

t i o n s  PLACE through PLACE+N-l t o  mass 

s torage  f i l e  MNAME 

provide a f i l e  i d e n t i f i e r  i n  MNAME 

pos i t i on  t o  t h e  I-th record of m a s s  storagc 

f i l e  MNAME 

release m a s s  s to rage  f i l e  MNAME 

Table2  Description of t h e  func t ion  calls t o  t h e  1/0 
rou t ines  and the  I / O  s e c r e t a r y  
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flcw c h a r t s  i n  F i g u r e  26, create a n d  F r c v i d e  access t o  the 
list of a v a i l a k l f  ce l l s .  B U I L D L I S T  creatfs  t h e  c h a i n  cf 

c e l l s  i n  t h e  a r f a  c f  t h e  o u t p u t  k u f f e r .  F ( A V A X L )  F c i n t s  t o  
t h e  f i r s t  c e l l  t h i s  c h a i n .  T h e  f u n c t i c r !  c a l l  PUT (i) 
p l a c e s  a tuo-ucrd c e l l  a t  a d d r e s s  i k a c k  o n t o  t h e  c h a i n ,  
T h e  f u x c t i c n  c a l l  GET (i) d e t a c h e s  a two-word c e l l  f r a r  the 
c h a i n  a n d  F laces  t h e  a d d r e s s  of t h e  cell i n  i. These twc- 
word c e l l s  are  used t c  forff t h e  l i k r a r y  s u b p r c g r a a  q u e u e ,  

4.2.2 

TEe first F h a S e  of t h e  lcader a l g o r i t k r  asseEbles  a l l  
t h e  i n g u t ,  cve r l ay  d e s c r i p t i o n  a n d  r e loca tak le  e l e m e n t s ,  
i c t c  a d a t a  s t ruc ture  t h a t  r e p r e s e n t s  t h e  p r o g r a m ,  F i g u r e  
27  E h c w s  t h e  g e n e r a l  flow of c o n t r o l  for this p h a s e .  Once 
i n i t i a l i z s d ,  t h e  t a s k  ccns i s t s  o f :  

(a) F r o c e s s i n g  the uset input, 
(k) o r d e r i n g  the s e g m e n t  d e s c r i p t o r s  i f  cverlay was 

i n d i c a t e d ,  
(c) c r o s s - r e f e r e n c i n g  t h e  u n d e f i n e d  a n d  d e f i n e d  eymkcl 

t a k l e s ,  
( d )  r e s c l v i n g  t h e  s y m k o l i c  a d d r e s s e s  l e f t  u n r e s o l v e d  

ky step (c) i n  t h e  l i k r a r y  i n d e x ,  
(e)  i n p u t t i n g  each r e loca ta t l e  element f r o m  the 

l i b r a r y  a n d  c s a s s - r e f e r e n c i n g  i ts u n d e f i n e d  
s y m b c l s  %ith t h e  d e f i n e d  ~ y m h o l  t a b l r ,  

c em F l e  te ). 
I f )  r e F e a t i n g  s t e p s  [a) a n d  (e) u n t i l  the prograne  is 

The  d e t a i l s  of the steps a b c v e  a r e  d e s c r i b e d  i n  the d e t a i l e d  
flow c h a r t s  which fe 
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l i b r a r y  
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------------ i t i a l i z a  t i o n  

I n i t i a l i z a t i c n  is shown i n  F i g u r e  2f2, a n d  ccmFrises 
f cu r  steF=. First, a n  i n i t i a l  s e g m e n t  d e s c r i F t o r  is s e t  U F  

i F  case  t h e  user d c e s  n o t  r e q u i r e  o v e r l a y ,  allowing h i s  
Frcgrar t c  b e  treated a s  a s i n g l e  s e g m e n t .  Second, t h e  

commcn a r e a  t a b l e  i s  i n i t i a l i z e d  a t  t h e  h i g h  a d d r e s s  e n d  c f  
t h e  t a b l e  IEI, T h i r d ,  t h e  mode of t h e  i n p u t  is set t o  
i n d i c a t e  user i n F u t ,  F o u r t h ,  a l ist  cf twc-rcrd cells 
{AVRIL) is c r e a t e d  i n  t h e  c u t p u t  k u f f e r  by t h e  f u n c t i o n  
EUILCLIST. It  s h o u l d  t ) ~  n o t e d  t h a t  S is  used a s  a Fo in te r  
t o  t h e  r e x t  a v a i l a b l e  l c c a t i c n  i n  the t ab le  ?EL, 'It shall 
r e t a i n  t h i E  i d e n t i t y  t h r o u g h c u t  the f i r s t  Fhase, 

EcztIcl-Becs.z 4-En1 _ut,sna -22teZEretsrlon 
M c n i t c r i n g  cf t h e  c o n t r o l  record i n F u t  and 

i n t e r p r e t a t i o n  is shown i n  F i g u r e  25. I n  t h e  user kcde,  t h e  
ccn t r c l  r e c o r d  is i n p u t  from t h e  110 u n i t  TNU t o  t h e  i n p u t  
kuffer w h i c h  b e g i n s  a t  P ( I N P ) ,  I n  t h e  library mode, t h e  
ccntrcl r e c o r d  is i n p u t  from t h e  mass s t o r a g e  l c c a t i c n  
i n d i c a t e d  b y  the f i r s t  e l e m e n t  i n  the l i k r a r y  q u e u e  (F (9))- 
I n  ei ther case,  t h e  c o n t r c l  r e c c r d  is p r o c e s s e d  i n  cne of 
s e v e r i  ways, d e p e n d i n g  upcn t h e  c o n t r c l  ward. A t  t h i s  p o i n t  
t h e  next ccn t r c l  r e c o r d  is i n F n t .  I f  a n  end of i n f c r m a t i o n  
(ECI) is e n c c u n t e r e d  i n  t h e  user mode, t h e n  t h e  user i n p u t  
is e x h a u s t e d ,  A t  t h i s  p a i n t ,  a t e s t  is mad@ to see i f  more 
t h a n  c n e  s e g m e n t  is d e f i n e d ,  I€ so, t h e n  overlay is 
i n d i c a t e d  and t h e  o v e r l a y  segment loader m u s t  ke i n p u t  fron 
t h e  l i k r a r p .  ' i b i s  is a c c o m p l i s h e d  b y  e n t e r i n g  t h e  mass 
s t o r a g e  l cca t icn  cf $LINK$ ( s t a r e d  a s  v a r i a b l e  LINKER ) i n t o  
t h e  l i b r a r y  q u e u e ,  In a d d i t i o n ,  t h e  s e g m e n t  descriFtcrs 
m u s t  be r e - c r d e r e d  (see F i g u r e  39) .  I f  t h e r e  is o n l y  ane 
s e g m e n t ,  this s e g r e n t  i s  d e f i n e d  a s  the m a i n  s e g m e n t ,  a n d  
t h e  l o a d e r  c r c s s - r e f e r e n c e s  the u n d e f i n e d  s y m b c l  l i s t  v i t h  
t h e  d e f i n e d  s y r k c l  t a b l e  (see F i g u r e  44). An c n d - o f -  
i n f o r m a t i o n  i n  the l i t r a r y  mode s i g c a l s  t h e  c o m F l f t i . c n  o f  
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N (SEG) <--1 
MSEG+-0 

MOD ---USER 

F (SEG) f--F (TBL) 
.L 

I SI-F (SEG) 

w (S+l) <--0 
w ( S+2) f--0 

s<--s+4 
C(SEG)~--F(SEG) 

BUILDL I ST 

Figure 28 
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LIBLOC (I) <--LINKER 

'Figure 29 



79 

i n p u t  f o r  t h e  l i k r a r y  s u k F r c g r a m  i n d i c a t e d  b y  t h e  f i r s t  c e l l  
i r .  t h e  l i k r a r g  q u e u e ,  A t  t h i s  p c i n t ,  t h e  l c a d e r  cross-  
r e f e r e n c e s  t h e  s u h F r c g r a m ' s  u n d e f i n e d  s y m b o l  list w i t h  t h e  
d e f i n e d  s y m b c l  t a k l e  (see F i g u r e  44)- 

F i g u r e r  3C t h r o u g h  37 s h c u  t h e  p r o c e s s i n g  cf t h e  s e v e n  
tyEes cf c c n t r c l  reccrds ,  The $SEG c o n t r o l  r e c o r d  ( F i g u r e s  
7 C  a n d  31)  is  E r c c e s s e d  l e x i c a l l y  t o  o k t a i n  t h e  s y m t c l i c  
narc4 a s s i g n e d  t c  t h e  s e g m e n t  a n d  t h e  s y m k o l i c  narnes  cf i t s  
Fredecesscr s ~ c m e n t s ,  The l e x i c a l  p r o c e s s i n g  e m p l c y s  a 
f u n c t i o n  C E ( i , j )  w h i c h  e x t r a c t s  t h e  j - t h  c h a r a c t e r  f r c m  the 
s t r i n g  o f  c h a r a c t e r s  k e g i n c i n g  a t  i- I n  t h e  flcw c h a r t s ,  
'k1 is u s e d  t c  r e F r s s e n t  a k l a n k  c h a r a c t e r .  A s e g m e n t  
d e s c r i p t o r  is c r e a t e d  f o r  t h e  s e g m e n t  a t  l c c a t i c n  S, I f  

t h i s  is t h e  f i r s t  s e g m e n t  d e s c r i p t c r ,  t h e  v a r i a k l e  MSEG is  
l c a d e d  b i t b  i t s  address, ? h e  syrkolic C a m e  of t h e  s e g m e n t  
is Elaced i n  t h e  SEGS f i e l d  of t h e  d e s c r i p t o r ,  a n d  t h e  n a m e s  
cf t h e  FredeceEscrE a re  F l a c e d  i n  a l ist  a t  the e n d  of t h e  
d e s c r i p t o r .  T h e  n u E k e r  a €  p r e d e c e s s o r s  is p l a c e d  i n  t h e  
P F E I  f i e l d  cf t h e  d e s c r i p t c r .  T h e  neu s e g m e n t  d e s c r i p t c r  is 

l i n k e d  t o  t h e  F r e v i o u s  s e g m e n t  d e s c r i g t c r  t h r c u g h  t h e  NXTSEQ 

f i e l d  of t h e  Frev icus  s e g m e n t  d e s c r i p t c r ,  

T h e  3 B E L C C  c c c t r c l  r e c o r d  ( F i g u r e  32) cauEes a n  e l e m e n t  
d e s c r i p t o r  t c  t e  c r e a t e d  i r  t h e  table area I E L .  T h i s  
d e s c r i p t c r  i s  a d d e d  t c  t h e  c h a i n  of e l e m e n t  d e s c r i F t o r s  
s E e c i f i e d  b y  t h e  STOP a n d  S E O T  f i e l d s  o f  t h e  c u r r e n t  s e g m e n t  
d € S C r i F t O K ,  T h e  l i n k  is  made t h r o u g h  t h e  NEXT f i e l d  of  t h e  
F r f v i c u s  e l e a e n t  d e s c r i p t o r ,  T h e  fields a r e  i n i t i a l i z e d  a t  
zerc  except  f c r  t h e  EIL f i e l d  w h i c h  is l oaded  w i t h  t h e  name 
c f  t h e  e l e m e n t ,  t h e  SIZEL f i e l d  w h i c h  is l o a d e d  w i t h  t h e  
s i n e  of t h e  elernert, a n d  t h e  SEGE f i e l d  n h i c h  is l o a d e d  w i t h  
t h e  a d d r e s s  cf t h e  current s e g m e n t  d e s c r i F t c r ,  T h e  f i r s t  
a d d r e s s  f i e l d  cf t h e  t h i r d  v c r d  of t h e  3RELOC c c n t r c l  record 
i n d i c a t e s  u h e t h e r  cr not  t h e  s u k p r c c r a m  c a p t a i n s  t h e  Frogram 
s t a r t i n g  l cca t i cn ,  I f  it d o e s ,  t h e n  t h e  a d d r e s s  cf t h e  
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AADR( S) 4--0 

Figure 30 
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Figure 31 

I<--I+l 
I -c> I=73 
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SIZEL (S) <--A2 (IN+l) 
ABsLoc(s)~--o 

W (5+3) 4--0 
W (5+4) 4--0 

W (5+5) +-0 

SEGE(S)Q--C(SEG) I IQ--C(SEG) 

W W 
Figure 32 

I 
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Frcqram s t a r t i n g  l o c a t i c r .  is Flaced i n  the f i r s t  half cf 
v a r i a b l e  S'IPfiT, a r d  t h e  a d d r e s s  cf t h e  e l e m e n t  d e s c r i F t c r  is 
€ l a c e d  i n  t h e  s e c c n d  h a l f ,  

The $ U N C  c c r t r c l  reccrd ( F i g u r e  33)  c a u s e s  t h e  list cf 
u n d e f i n e d  s y r e t c l s  t o  ke a d d e d  t o  t h e  c u r r e n t  element 
d e s c r i p t c r .  The list of  u n d e f i n e d  s y m k o l i c  a d d r e s s e s  is 
a d d e d  t c  t h e  t a b l e  a r e a  IEL, t h e  a d d r e s s  c f  t h e  l i s t  is 
f - l a c e d  i n  t h e  C C L  f i e l d  of t h e  c u r r e n t  e l e m e n t  d e c c r i F t o r ,  
a n d  t h e  r u m k e r  cf  u n d e f i n e d  s y m k c l i c  e n t r i e s  is Elaced i n  
t h e  N U  field. 

T h e  S C C C S  c c n t r c l  record ( F i g u r e  34) r e q u i r e s  s e v e r a l  
s teFs.  F i r s t ,  f c r  e a c h  e n t r y  i n  t h e  c o n t r o l  u c r d  a c n e  wcrd 
e n t r y  m u s t  he a d d e d  t c  t h e  e l e m e n t  d e s c r i p t o r ;  thiE e l e m e n t  
d e s c r i p t o r  f i e l d  CSL m u s t  F c i r t  t o  t h i s  b l c c k  cf e n t r i e s ;  
a n d  f i e l d  NC r u s t  c c n t a i n  the n u m k e r  c f  e n t r i e s  i n  t h e  

k l c c k .  S e c c n d ,  f c r  each  e n t r y  i n  t h e  c c n t r c l  record t h a t  
dce:  n c t  have a l r a l c h i n g  d e s c r i p t o r  i n  t h e  common a rea  t a b l e  
( C A ? )  ( m a t c h i n g  n e a n s  t h e  same s y m b o l i c  n a m e ) ,  a new comEon 

a r e a  descr iF tcr  m a s t  De crea ted .  T h i r d ,  the commGn s y m k o l  
l ist e n t r i e s  i r  t h e  e l e m e n t  d e s c r i p t o r  must ke l i n k e d  t o  
( i - e - ,  l o a d e d  u i t b  t h e  a d d r e s s e s  cf) the C c r r e s F c n d i n g  

E n t r i e s  i r  t h e  commcn a r e a  t a k l e ,  E i n a l l y ,  it must Ite 
d e c i d e d  w h e t h e r  t h G  ccsmcn a r e a  is  d e f i n e d  o r  u n d e f i n e d  i n  
this s u k F r c g r a r ,  I f  the ccmmcn area  h a s  a l r e a d y  b e e n  
i d e n t i f i e d  a s  d e f i n e d  i n  a n c t h e r  s u b F r c g n a m  (J3SltZ-0) , t h e  

c o m a o n  a r e a  t a k l e  e n t r y  is l e f t  as  is, If t h e  ccimcn area 
is d e f i n e d  i n  t h i s  e l e m e n t ,  t h e n  t h e  F c i n t e r  tc i t  i n  the 
e l e m e n t  d e s c r i F t c r  is f l a g g e d  ky s e t t i n g  t h e  f i r s t  half cf 
t h e  E c i n t e x  r c r d  t c  1. O t h e r w i s e ,  t h e  ccmmcn area is 
u r d e f i n e d ,  a n d  t h e  f i e l d  PISI'L i n  t h e  common area d e s c r i p t o r  
i s  a d j u s t e d  t o  c c r r e z g o n d  t o  t h e  l a r g e r  o f  t h e  s i z e s  
a F F e a r i n g  i n  t h e  c c n t r c l  record a n d  the ccmmcn a rEa  
d e s c r i p t o r .  
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I<--C(ENT) 

J<--C( I N P )  - 
1 
! 

1 J.(--J+l 

Nu(I)=+-Nu(I)+K 1 
I I N (INP) +-N ( I N P )  -K-I f 

* 
I c ( INP ) 6-- J I 

Figure 33 
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1 
P<--P-2 

h 

f * 

V 

I 

Figure 34 
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The O C P E L X  c c c t r c l  r e c o r d  ( F i g u r e  35) is p r c c e s s e d  i n  
f o u r  steFs, I n  c r d e r  t h a t  t h e r e  is a F lace  t c  s t c r e  the 
results o f  t h e  c c l t F l e x  c a l c u l a t i c n s ,  a k l c c k  cf  emFty words 
e q u a l  t o  t h e  n u a k e r  cf ccmFlex a d d r e s s e s  i r d i c a t e d  i n  t h e  
c c r t r c l  reccrd  is a d d e d  t o  t h e  e l e m e n t  d e x r i g t c r .  T h e  NCA 

a r d  CAL f i e l d s  c f  t h e  e l e m e n t  d e s c r i p t o r  are  l c a d e d  w i t h  t h e  
nurpter cf k c r d s  a n d  a d d r e s s  of t h e  k l o c k ,  r e s F e c t i v f l y ,  *'The 
c c n t e n t s  c f  t h e  c c n t r c l  r e c o r d  ( t h e  c o n F l e x  c a l c u l a t i c n  
i n E t r u c t i c n s )  a r c  a d d e d  t a  t h e  e l e m e n t  d e S C r i F t C r  a s  a k l c c k  
c f  w c r d s .  The f i r s t  F o r d  of t h e  e m p t y  b l o c k  is l o a d e d  w i t h  
t h e  a d d r e s s  cf  t h i s  b l c c k .  

T h e  QCEF c c c t r o l  record ( F i g u r e  36)  is Frccessed i n  
f c u r  steFs, a n  e n t r y  a t  a time, F i r s t ,  t h e  d e f i n e d  s y m t c l  
tatle is s e a r c h e d  f c r  a p r e v i o u s  e n t r y  of t h e  s a m e  symkolic 
address. As t h i s  s e a r c h  is mad€ f r e q u e r t l y ,  t h e  t a k l e  is  
s t o r e d  a s  s e v e r a l  c h a i n s  cf s y a k c l i c  a d d r e s s e s .  A h a s h - c o d e  
f u n c t i o n  f ( s )  , where s i s  a s y m k o l i c  a d d r e s s ,  is used t o  

d e t e r m i n e  i n  w h i c h  c h a i n  a Far t icular  s y i r t o l i c  a d d r e s s  
a F E e a r s .  ? h e  EST e n t r y  p o i n t s  t h e  h a s h  t a k l e ,  Second, i f  
the  e n t r y  d c e s  n c t  e x i s t  i n  t h e  c h a i n  s p e c i f i e d  b y  the hash-  
c c 3 e  f u n c t i c n ,  t h e n  a neii  e n t r y  is made a t  t h e  b e g i n n i n g  o f  
t b e  c h a i n  a r d  the s y m b c l i c  a d d r e s s  is l o a d e d  i n t o  t h e  DEFS 
field of the en t ry .  I f  t h e  e n t r y  dces  a l r e a d y  e x i s t ,  c n e  of 
t u c  c o n d i t i o n s  e x i s t .  E i t h e r  t h e  symbol i c  tame is k e i n g  
d e f i n e d  t r i c e ,  w h i c h  is a r  errcr c o n d i t i c n ,  C K  t h e  e n t r y  was 
n a d c  d u r i n g  d e f i n e d  s y m b o l - u n d e f i n e d  s y m b o l  r e s o l u t i c n  a n d  
n u s t  h e  ccmFleted, I n  t h e  l a t t e r  c a s e ,  t h e  U T  f i e l d  cf t h e  
e n t r y  is e g u a l  t c  1, a n d  t h e  d e f i n e d  s y m b o l  e n t r y  is a d d e d  
t c  t h e  element 's  c h a i n  of  d e f i n e d  s y m b o l s .  T h i s  c h a i n  is 
a d d r e s s e d  t h r c u g h  t h e  CSL f i e l d  of t h e  elemert d e s c r i p t o r  
a n d  is l i r k e d  t o g e t h e r  t h r c u g h  t h e  EL?L f i e l d  c f  t h e  d e f i n e d  
s y n l c l  e n t r i e s ,  In t h i s  m a n n e r ,  t h e  e n t r y  is l i n k e d  t o  two 
c t a i n s ,  t h e  c t h e r  b e i n g  t h e  d e f i n e d  s y m b o l  t a l l e  c h a i n .  

F c u r t h ,  t h e  R E L A C ,  L K A C R ,  a n d  VALUE f i e l d s  a r e  l o a d e d ,  
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I+-c (ENT) 

Jf--C( INP) 

P<--Hl (J) 

NCA( I) <--NCA( I )+P 

N (INP) <--N ( INP) -1 

Jf-- J+l 
I 

I CAL(I)f--S I I 

H 2  (CAL (I))  <-- 

I W(S)f--O 
1 

I 
Sf--S+l 

X - - P  -1 

1 L 

Figure 35 

K<--K-1 

I c(INP)-+--J I 
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Kf--H2 (J) 

J<-- J+1 

ND(I )G-ND(I )+K 

N(INP)(--N(INP)-~ 

N(DsT)<--N(DsT)+K 

UI (n (PI  ) =l w I STf--S+5 I 

SEGD(S) f--SEGE(I) 

& 1 

LELAD( S )  f--H2 (J+2) 

EZ TA ( S ) f-- I 
ELTL (S) f--DSL (I) 

VALUE (S) f--W (Jcl) 
UI(S)<--0 

DSL ( I) <--S 

S<--ST 

J<--J+3 

K<--K-l 

N (INP)f--N (INP)  -3  

Figure 36 

I= 
I 

I C(1NP)f--J 1 
I 
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T h e  $TEXT c c n t r c l  records ( F i g u r e  3 7 )  c o n t a i n  t h e  
r c l c c a t a b l e  c c d e  f o r  the s u b p r o g r a m ,  ? h e s e  r e c c r d s  a r e  
s t o r e d  t e n p c r a r i l y  c n t o  mass s t c r a g e  t h r c u g h  t h e  c e c r e t a r y .  
T h e  s e c r e t a r y  F r c v i d e s  an a d d r e s s  w h i c h  i s  s t c r e d  i n  t h e  

CASICC f i e l d  cf  t h E  e l e m e n t  d e s c r i p t o r .  A l l  cf t h e  $ T E % T  

c c n t r c l  x e c c r d s  for o n e  e l e m e n t  a r e  r r i t t e n  t c  t h e  saRe 
a d d r e s s ,  

As ar! example,  F i g u r e  38 s h o u s  E a r t  o f  t h f  u e m o r y  
c c n t e n t s  a f t e r  F r c c e s s i n g  t h e  user i n p u t  s h o w n  i n  F i g u r e  7. 
T h e  t a k l e  a r e a  TEI e x t e n d s  f r c n  1000s t o  7 7 7 7 g .  T h e  c u t p u t  
k u f f e r  e x t e n d s  f r c a  llOOOg t c  11777,. The s e g m e n t  
d e s c r i p t o r  is i n  l c c a t i o n s  1000 t h r c u c j h  1004- a n d  i n d i c a t e s  
t h a t  t h e r e  is c a f  s e g m e n t  i i - t z . ,  t h e  NXTSEQ f i e l d  c c t t a i n s  a 
zero) a n d  cne e l e m e n t  (SBO' I  (1OCO6)=ITOP (10OOg) =10OS8) .. T h e  
e l e u e n t  d e s c r i F t c r  k e g i n s  a t  10CS8 a n d  e x t e n d s  t h r o u g h  1 0 2 0  

a n d  is t r a r s l a t e d  a s  f o l l o w s .  T h e  e lement ' s  s y m k c l i c  name 
is  B A I I K .  Ihe elereent c o n t a i n s  one common a r e a  (NC(1005$=1) 
t h e  a d d r e s s  cf w h i c h  is a t  102% a n d  t h r e e  u n ' d e f i n e d  s y m t o l s  
( N U ( 1 G C E  )=3), t h e  s y m b c l i c  add res ses  of w h i c h  Z e g i n  a t  
1C15%" 'Ihe e x e c u t a t l e  code, when t r a n s l a t e d  from t h e  
r e l c c a t a b l e  ccde ( s t c r e d  at MASZCC [loo!&) = f E X T C  1) , w i l l  
r e q u i r e  1 2  words cf menory, T h e  t h r e e  u n d e f i n e d  s y m t c l i c  
a d d r e s s e s  are  Z I N ,  CCS, a n d  S U E R ,  T h e  ccktEcn a r e a  
d e s c r i F t o r  car! te f o u n d  a t  l c c a t i o n  777%- 

L 

3 A' 

3 

The C C I I E C ~  a r e a  t a k l e  iI: t h e  exanaFle c c c s i s t z  cf cne 
entry a t  t h e  cther  e c d  of t h e  t a b l e  area TEL ( a d d r e s s  
7 7 7 € * ) *  ' I b i s  e r t r y  i s  f c r  t h e  ccmicn a r e a  ELCCK a n d  

w h e n  a l l o c a t e d .  
i n d i c a t e s  t h a t  t h e  ccmwcn afea m u s t  h a v e  meekcry w o r d s  

T h e  c u t p u t  t u f f e r  i n  t h e  e x a m r l e  (wcrds 710OOr t o  
117778) c o n t a i n s  t h e  c h a i n  c f  a v a i l a k l e  c e l l s .  ? h e  s e c o n d  
kcrd of each tk-c-rcrd c e l l  c o n t a i n s  t h e  aadress of t h e  n e x t  
cell i n  t h e  c h a i n ,  The F f i e l d  of t h e  p o i n t e r  e n t r y  A V A I L  

E c i r t s  t c  t h e  first c e l l  i n  t h e  c h a i n ,  while t h e  e n t r y  
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SEC( 2 ,MASLOC (I) , J ,NN) 0 

Figure 37 



7 76 

1000 

1005 

10 15 

1020 

7776 
7777 

1 0 0 5  1 0 0 5  

0 
1 
0 

1 0 0 0  0 

1 1 0 2 0  
3 1 0 1 5  

$ M A I N $  

Y A I N b b  

1 2  -0 
 EXT TO^ 
S I N b b b  
C o S b b b  
S U B R b b  

7 7 7 6  

TBL 

SEG 

ENT 

DST 

UST 

ELT 

CAT 

INP 

OUT 

AVAIL 

Q 
MSEG 
START 

B L O C K b  
1 0  0 

11777 

91 

7 7 7 6  7 7 7 6  
7 7 7 6  

1 0 0 0 0  
1 0 7 7 7  1 0 0 0  

1 1 0 0 0  
1 1 7 7 7  1 0 0 0  

1 1 0 0 0  
1 1 7 7 6  

l o o o f  
2 10051 

11000 1--4 1 1 0 0 2  

1 1 0 1 0  ' 
' 1 1 7 7 4  1 I I . ~ 1 1 7 7 6  1 

Figure 38 
I 



92 

C n c e  t h e  USFI i n p u t  is e x h a u s t e d ,  i f  memory c v e r l a y  h a s  
t e e n  i n d i c a t e d  (ESEGIl), t h e n  t h e  s e g m e n t  d e s c r i F t c r s  a r e  
r e - c r d e r e d .  Each $SEG c o c t r o l  record c c n t a i n s  a l ist  of 
s y m k o l i c  cames of  t h e  s e g m e n t ' s  i m m e d i a t e  FredeceEsors i n  
t h ~  c v e r l a y  s t r u c t o r e .  E x a m i n a t i c n  of an overlay s t r u c t u r e  
shcws t h a t  the s e g n o e n t s  a r e  p r t i a l l y - q E g s y e a  by t h e  segment 
s p e c i f i c a t i o n .  A set  of s e g m e n t s  is F a r t i a l l y  c r d e r e d  i f  a 
r r 1 a t i c n s b i F  L e x i s t s  k e t w e e n  t h e m  s u c h  t h a t ,  f o r  s e g m e n t s  
x ,  1 ,  a n d  2: 

(a )  i f  x 5 y and y I 2, t h e n  x I z; 

(b) i f  P 1 y a n d  y 5 x, t h e n  x=y; 
( c )  x < x .  

The r e l a t i c n  x I y is r e a d  ''x F r c c e d e s  ar is e q u a l  t c  y . * *  

I n  t h e  s e g m e n t  S F e c i f i c a t i c n ,  each p r e d e c e s s o r  ( P B E D i )  
listed w i t h  t h e  s e g m e n t  i d e n t i f i e r  ( SNAPlE ) w c u l d  have t h e  
r e l a t i c n  PPEDi  I SNAIYE , As t h e  Fredecessor list d o e s  n c t  
a l l c w  e q u a l i t i e s  tc b e  shown, c o n d i t i o n s  (a) a n d  (k) a r c  met 

b y  t h e  l i c e a r i t p  of t h e  memory and c o n d i t i o n  (c) is 
understood b u t  n e v e r  s p e c i f i e d .  

I t  i s  n e c e s s a r y  t o  s c r t  t h e  s e g m e n t s  i n  s u c h  a way t h a t  
n c  s e g m e n t  is a l l o c a t e d  memory p r i o r  t o  a p r e d e c e s s o r  
s e g s e n t  because t c  a l l o c a t e  memory space t o  a s e g m e n t  
r e q u i r e s  t h e  l c c a t i c n  cf a l l  Fredecessor s e g m e n t s ,  D, E. 
K n u t h  [ 1 4 1  F r c v i d e c c  an a l g o r i t h m  fo r  t h i s  v e r y  F r o k l e m .  
G i v e n  a n  i n p u t  cf r e l a t i o n s h i g s  t h a t  f c r i  a F a r t i a l  o r d e r i n g  
i n  a s e t  cf elesents,  t h e  a l g c r i t h s l  g e r f o r m s  a tcFclogica1 
scrt ( i - e . ,  i t  e n k e d s  the F a r t i a l  crder i r !  a l i n e a r  order). 
The a l g o r i t h m  is modif ied s l i g h t l y  t o  s u i t  the data  
z t r u c t u r e  af t h e  l c a d e r ,  

The t c g c l c g i c a l  s o r t  is d e s c r i b e d  i n  F i g u r e  39. T h e  
s o r t  requires t h a t  e a c h  s e g m e n t  to he ordered  h a s  a list cf 
t h e  s e g m e n t s  t h a t  a r e  s p e c i f i e d  as f o l l o w i n g  it i n  t h e  
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p a r t i a l  o r d e r .  11: c t h e r  u c r d s ,  a s e g m e n t  S B A E E  w c u l d  h a v e  a 
list c f  a l l  t h e  s e g m e n t  i d e n t i f i e r s  c c r r e s F o n d i n g  t o  
Fr€d€cesscr list,c i n  w h i c h  SNBUE a p p e a r s .  T h i s  l i s t  is 
c a l l e d  t h e  l i s t  o f  d i r e c t  s u c c e s s o r s .  However, t h e  d a t a  
s t ruc tu re  a s s c c i a t e s  e a c h  s e g m e n t  w i t h  i ts  list of d i r e c t  
Frcdecfsscrs.  ? h e r e f c r e ,  t h e  f i rs t  t a s k  of t h e  s o r t  is t o  
FreFare  the s t r u c t u r e ,  

Between 2-0 a t d  2.03 i n  t h e  flow c h a r t  i n  F i g u r e  3 9 ,  

each e n t r y  i n  tke  l i s t  cf s y l c k a l i c  s e g l a e n t  i d e n t i f i e r s  a t  

t h e  e n d  of e a c h  s e g m e n t  descriFtor is c h a n g e d  t c  a word 
c o n t a i n i n g  twc Fc in te rs .  ? h e  f irst  F o i n t e r  cor ta ins  the 
a d d r e s s  cf t h e  s e g l n e n t  d t s c r i F t o r  t o  w h i c h  t h e  l ist is  
a t t a c h e d ,  w h i l e  t h e  s e c c n d  F o i n t e r  c o n t a i n s  t h e  a d d r e s s  of 
t h e  s e g m e n t  d e E c r i F t o r  p r e v i o u s l y  named i n  t h e  e n t r y .  

Between 2 - O B  a n d  2-0E i n  t h e  flow c h a r t ,  t h e  list of 
p r c d e c e s s c r  r e l a t i o n  wards is p r o c e s s e d  a g a i n .  Each  e n t r y  
i E  now a d d e d  t o  t h e  c h a i n  of d i r e c t  s u c c e s s o r s  of t h e  
s e g E e n t  d e s c r i p t c r  t h a t  i s  p o i n t e d  t o  in t h e  second h a l f  of 
t h e  w o r d ,  'IC d o  t h i s  t h e  TGP f i e l d  of t h e  s e g m e n t  
d e s c r i p t o r  is l c a d e d  w i t h  t b e  a d d r e s s  of t h e  uord t h a t  
F c i n t e d  t c  t h e  s e g m e n t  d e s c r i F t o r ,  a n d  t h e  seccnd h a l f  af 
the word is r f F l a c e d  w i t h  t h e  o l d  c o n t e n t s  of t h e  ' ICP f i e l d .  
I n  a d d i t i c l ; ,  t h e  CCTIN'I field of e a c h  s e g m e n t  d e s c r i p t o r  is 
l o a d e d  w i t h  tke l u E b e r  cf r e l a t i o n  w o r d s  t h a t  a p p e a r  i n  t h e  
l i s t  a t  t h e  end o f  t h e  s e g m e n t  d e s c r i p t c r .  The COUNT f i e l d  
c o n t a i n s  t h e  numker  of d i r e c t  F r e d e c e a s a r s  of t h e  segment, 
a n d  t b e  TGP f i e l d  contains  t h e  a d d r e s s  cf t h e  f irst  in a 
c h a i n  cf cne vcrd d i r e c t  s u c c e s s o r  cells. E a c h  ce l l  h a s  a 
SUC f i e l d ,  t h a t  c o n t a i n s  t h e  a d d r e s s  of t h e  s e g m e n t  
d e s c r i p t o r  t h a t  i t  r e p r e s e n t s ,  a n d  a NX'I. f i e l d ,  t h a t  
c c n t a i n s  t h e  a d d r e s s  of t h e  n e x t  ce l l  i n  the c h a i n .  

After 2,OE i n  t h e  f l o n  char t  t h e  t o p c l o g i c a l  sort 
t e g i n s .  T h e  s c r t  is i n i t i a l i z e d  b y  f i n d i n g  t h e  s e g m e n t  
d e s c r i p t o r  u i t b  a zero C C U l T  f i e l d ,  i n d i c a t i n g  no 
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F r e d e C e S S C r s ,  There s h c u l d  k e  o n l y  o n e  s u c h  s e g r r e n t ,  a n d  
t k i E  i s  c a l l e d  t h e  " m a i n  s e g m e n t . ' *  ? h e  v a r i a b l e  PSEG is  

l c a d e d  w i t h  t h e  a d d r e s s  of  t h i s  s e g m e n t  d e s c r i F t c r .  T h e  
s c r t  k e g i n E  a t  t h i s  F c i n t .  T h e  l i s t  of d i r e c t  s u c c f s s c r s  is 
~ r c c e ~ ~ e d .  As e a c h  c e l l  is e n c o u n t e r e d ,  the CCUNT f i e l d  cf 

t h e  s c g m e c t  t c  w h i c h  t h e  cel l  c c r r e s p o n d s  ( a d d r e s s e d  h y  the 
S t i f  f i e l d )  is  decremented,  I f  t h e  CCUNT f i e l d  r e a c h e s  zerc ,  
t h e  s e g i r e n t  d € s C r i F t C r  i s  a d d e d  t o  t h e  c h a i n  cf crdered 

' s e g i r e n t  d e s c r i F t c r s  ( l i n k e d  t h r o u g h  t h e  B I E G  f i e l d )  .. I n  
a d d i t i o n ,  t h e  c e l l  is r e m c v e d  from t h e  c h a i n  a c d  crce a g a i n  
I c a d E d  witl- t h e  a d d r e s s  c f  t h e  Fredecesscr, T h e  v a r i a b l e  F R  
Fcirts a t  t h e  E e g r e n t  d e s c r i p t o r  w h o s e  s u c c e s s o r  c h a i n  is 
c u r r e n t l y  b e i n g  F r o c e s s e d ,  w h i l e  t h e  v a r i a k l e  Fc F c i n t s  t c  
t h e  e n d  cf t h e  c h a i n  cf o r d e r e d  s e g m e n t  d € S C r i p t G r E ,  T h e  

a l g o r i t h m  terigkicatfs wher! t b e  CCUNT f i e l d  cf a l l  s e g m e n t s  
h a s  gone t c  z f r o .  I f  t h e  v a r i a t l e  N N  is n c t  z e r o ,  t h e n  a l l  
s e g m e n t  d e s c r i F t c r s  h a v e  n c t  teen added  tc t h e  c h a i n  cf 
c r d e r e d  s ~ g n e n t  d € + c r i F t c r s ,  T h i s  c a n  c n f y  mean t h a t  t h e r e  
i s  a d i z j c i n t  r e t  cf s e g m e n t s  i n  t h e  o v e r l a y  d e s c r i p t i o n ,  
' I b i s  m u s t  b e  t reated a s  a f a t a l  e r r o r ,  

F i g u r e E  4C t h r c u g h  4 3  show t h e  c h a n g e  i n  t h e  s e g m e n t  
d e s c r i g t o r s  cf t h e  e x a m g l e  s h o w n  i n  F i g u r e > l O  d u r i n g  t h e  
s c r t ,  F i g u r e  40  rhows t h e  e l e v e n  s e g m e n t  d e s c r i p t c r s  w i t h  

the  s y m h c l i c  c a a e  i n  the second word of e a c h  d e s c r i F t o r  a n d  
w i t h  t h e  list cf F r € d € C E S S C r S  k e g i n n i r g  i c  t h e  f i f t h  u c r d  cf 
e a c h  c e l l .  The s e g m e n t  d e s c r i F t o r s  a r e  e a c h  a s s i g n e d  a n  
a d d r e s s  a n d  l i n k e d  t o g e t h e r  v i a  t h e  N X l S E Q  f i e l d  i n  t h e  

c rdc r  i n  which t h e y  were i n p u t  ( s h o w n  h y  a r r o w s  alsc), 
F i g u r e  4 1  show,c t h e  s e g m e n t  d e s c r i p t o r s  a f t e r  t h e  f i r s t  
s t e F ,  I t  s h c u l d  De n c t e d  t h a t  each p r o d e c e s s c r  e n t r y  
c o n t a i n s  the a d d r e s s  cf the s e g m e n t  d e s c r i p t o r  i n  w h i c h  i t  
a p F e a r s  i n  a d d i t i o n  t c  t h e  F o i n t e r  t c  t h e  F r e d e c e s s o r ,  
Figure 42 shows  t h e  d e S C r i F t O K S  a f t e r  t h e  s ecc rd  steE,. ? h e  
TCF f i e l d  cf e a c h  d e s c r i F t o r  p o i n t P  t c  a c h a i n  cf 
zuccesscr r ,  Pcr  e x a m p l e ,  t h e  s u c c e s s o r s  of BAIN a r e  E ,  A ,  
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C ,  C. The s e g m e n t  J is on t h e  successor c h a i n  o f  G, I, a n d  
rut it  is r e F r e s e n t e d  b y  s e p a r a t e  o n e - k o r d  e n t r i e s .  

F i g u r e  43 shows t h e  s e g m e n t  d e s c r i p t o r s  a t  t h e  e n d  of  t h e  
sort. T h e  NSEE f i e l d  n c u  l i n k s  t h e m  t o g e t h e r ,  RAIR, B ,  1, 

E, C, G, E, F,  8 ,  I, a n d  J, I t  s h o u l d  D e  n o t e d  t h a t  t h i s  
c r d f r i n g  dces Frcserve t h e  p a r t i a l  o r d e r .  
C r c i ~ - r e f e r e q c i q q _ B p ~ - ~ ~ ~ ~ ~ ~ - ~ ~ a ~ ~ ~  

Cnce tLe user i n p u t  h a s  k e e n  e x h a u s t e d  a n d  a n y  r e q u i r e d  
s e g m e n t  re-crdering has k e e n  a c c o m p l i s h e d ,  c r  a f t e r  e a c h  
likrary s u t F r c g r a 8  has k e e n  i n p u t ,  t h e  lcader cross- 
r e f e r e n c e s  t he  u n d e f i n e d  sylatol l ists  w i t h  t h e  d e f i n e d  
E Y B ~ C ~  t a t l e  a n d  r e s o l v e s  a l l  u r r e s o l v e d  spmbcls. The 
c r c s r - r e f e r e n c i n g  is h a n d l e d  i n  o n e  of  two ways  d e p e n d i n g  
U F C B  the  n c d e  c f  i o p t ,  

In t h e  U S E B  mode, when t h e  e n d - o f - f i l e  h a s  been r e a c h e d  
a n d  the crdering  cf  segment d e s c r i p t o r s  h a s  b e e n  c o m p l e t e d ,  
t h e  u n d e f i n e d  s p m k c l  lists cf a l l  t h e  user elements a re  
c r o s s - r e f e r e n c e d  w i t h  t h e  d e f i n e d  sypebol table ( F i g u r e  
44(a)). In t h e  LIERARY mode, t h e  u n d e f i n e d  sprbo l  list is  
c r c s s - r e f e r e n c e d  E i t h  t h e  d e f i n e d  symbol table as  e a c h  
l i k r a r y  e l e m e n t  is  i n p u t  ( F i g u r e  4 4 ( b ) ) ,  T h e  L I E B I R P  mode 
a l s c  r e q u i r e s  t h a t  t h e  f i r s t  c e l l  from t h e  l i b r a r y  q u e u e  ke 
reEcved a n d  r e t u r n e d  t o  t h e  list of a v a i l a b l e  cel ls ,  a n d  
t h a t  t h e  n e x t  r e l o c a t a k l e  element b e  i n p u t  i f  t h e  l i k r a r y  
q u e u e  is P c t  e a F t y .  A t  t h e  e n d  of  the user i n g u t  fscde a n d  
when the l i b r a r y  q u e u e  is e m p t y  d u r i n g  t h e  l i k r a r p  i n p u t  
Lcde ,  t h e  lcadrr t b e n  a t t e m p t s  tc r e s o l v e  a l l  u c r e a o l v e d  
s y l t s k c l ~  t h r o u g h  t h e  l i b r a r y .  

C r c s r - r e f e r e n c i n g ,  shown  i n  F i g u r e  4 5 ,  ccnrists o f  

reglacing each sy rba l i c  a d d r e s s  i n  t h e  u n d e f i n e d  s y r e b c l  
l ists cf element d e E c r i p t o r  I w i t h  t h e  a d d r e s s  of t h e  f o u r t h  
word  i n  d e f i o e d  s p a b o l  d e s c r i p t o r  of t h e  identical n a a e .  
S h e  f o u r t h  word w i l l  c o c t a i n  t h e  abso lu t e  a d d r e s s e s  a s s i g n e d  
t o  t h e  d e f i n 6 d  s y m b o l ,  As scme d e f i n e d  symbol e c t r i e s  may 
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n c t  ke i n  t h e  t a k l r ,  wken a t a k l o  s e a r c h  is u c s u c c e s s f c l  a 
r c %  e z t r j  is c r e a t e d  i n  t h e  t a k l e ,  I n  o r d e r  t c  remember 
t h a t  t h i s  d e f i n e d  E y m b c l  is u n r e s o l v e d  [i-e,, d o e s  r,ct y e t  
C c r r E s F c n d  t c  a n  e l e m e n t ) ,  t h e  d e f i n e d  s y m b o l  e n t r y  is a d d e d  
t c  a c h a i n  of u n r e s o l v e d  s y m k o l s ,  I n  a d d i t i o n ,  when a 
r e f e r e r c e  is made from one e l e m e n t  t o  a n  e l e m e n t  i n  a 
d i f f e r e n t  s e g r e r t  a n d  the s e c c n d  E l e m e n t  is a l i k r a r y  
e l e m e n t ,  the l i k r a r p  element i E  moved t c  t h e  m a i n  s e g m e n t  
u n l e s s  cne c f  the two elercents was a l r e a d y  i n  t h e  main 
s c q n e n t ,  ? h i s  assur f s  t h a t  the l c a d e r  w i l l  n e v e r  i n t r o d u c e  
a d d r e s s  references tetween s e g m e n t s  t h a t  o v e r l a y  each c t h e r .  
I h i - c  alsc m i n i n i n e s  s e g m e n t  l o a d i n g ,  

W h e n e v e r  t h e  u n r e s o l v e d  zymtol list is n o t  e a F t y  a n d  
t h e  l i b r a r y  q c e u e  i s  e m F t y ,  t h e  u n r e s o l v e d  s y m t c l s  a r e  
x c s c l v e d  ky s e a r c h i n g  t h e  l i b E a r y  i n d s x  ( F i g u r e  46)- The 

l i t r a r y  i n d e x  is i n p u t  from mass s t o r a g e  l o c a t i c n  PLIE 
( i n i t i a l l y  LIE1) , a n a  t h e  u p p e r  a n d  lower b o u n d s  a r e  s t o r e d  
i n  UE a n d  IE, r e s F e c t i v e l y ,  A t  t h i s  F o i n t  t h e  Frccessing cf 
t h e  u n r e s c l v e d  syrkcl c h a i n  kecj ins .  If  a s y m k c l i c  name cf 
the d e f i n e d  synkcl is I i i t h i n  t h e  r a n g e  of t h e  i F d e x  (LE I 
CEES (UL (I)) 5 UE), t h e n  the i n d e x  is s e a r c h e d  for a m a t c h i n g  
e n t r y ,  Whether t h e  e n t r y  is  f c u n d  o r  n o t ,  the d e f i n e d  
z y n k c l  is c c n s i d e r e d  resolved, If i t  dces n c t  e x i = t ,  t h e n  a 
d i a s n a s t i c  aFE;earr. I f  t h e  e n t r y  is f o u n d ,  t h e  l i b r a r y  
q u e u e  is searched t c  see i f  the e l e m e n t ' s  mass s t o r a g e  
lccation has beer e n t e r e d  i n t o  t h e  q u e u e ,  If it is  n o t  i n  
t h e  queue, t h e  mass stcrage l c c a t i o n  o f  t h e  e l e a e r t  a n d  t h e  
s e g m e n t  tc w h i c h  t h e  elemoent s h c u l d  ke a t t a c h e d  a r e  e n t e r e d  
i r t c  t b e  queue, I f  t h e  mass s t c r a g e  l c c a t i c n  c f  t h e  element 
is a lzeady  i n  the queue, the segment is c h e c k e d  t c  E a k e  s u x e  
t h a t  if tke e l e m a t  is t o  t e  r e f e r e n c e d  f r o m  d i f f e r e n t  
segments, t h a t  it will aFpear i n  t h e  main s e g m e n t ,  O n c e  a n  
elerrent h a s  k e e n  resolved, the d e f i n e d  s y m b c l  is onlinkEd 
from the u n r e s c l v e d  s p m k c l  cbain, When a l l  cf t h e  d e f i n e d  
syakcls c c c u r i c g  i n  the r a n g e  L B  t o  U B  h a v e  keen r e s c l v e d ,  
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t t e  n e x t  s e c t i c r  cf t h e  l i k r a r y  i n d e x  is i n F u t ,  W h e n  a l l  

s y p t c l s  h a v e  b e e r .  r esc lwed,  t h e  i n p u t  of l i k r a r y  e l e m e n t s  
k e g i n s .  ?Ihe F r c c e s s  o f  i n p u t t i n g  e n d s  when the l i k r a r y  
q u e u e  a n d  t h e  u c r e s c l v e d  symhcl q u e u e s  a r e  b o t k  E I C F ~ Y .  T h i z  

comFletes t h e  f i r s t  phase  cf  the l c a d e r ,  A l l  t a t l e z  h a v e  
t e e n  c o n s t r u c t e d ,  s e g m e n t s  c r ee red ,  and l i c k s  h a v e  keen 
c r e a t e d  t c t u e e n  t h e  d e f i n e d  s y m k o l  t a b l e  acd  u n d e f i n e d  
s y n k c l  l i s t s  a n d  b e t w e e n  t h e  ccmmon s y m b o l  l i s ts  and ccmmcn 
a r f a  t a b l e .  
---- E x a ~ ~ ~ ~  

F i g u r e  4 7  z h c w s  t h e  p e n c r y  c c n t e n t s  a f t e r  cross- 
r e f e r e n c i r g  t h e  t a b l e s  of  t h e  e x a m p l e  i n  F i g u r e  38. T h e  
o n d e f i n e d  E y m b c l  l i s t  cf s u b p r o g r a m  R A I N  ( l o c a t i c n s  101% 

t h r c u g h  lC17%) h a v e  now been l o a d e d  u i t h  the a d d r e s s e s  cf 
t h e  fcurtt; wcrd  i r  t h e  d e f i n e d  s y m b o l  e n t r i e s  a t  l a c a t i c n s  
1 C 2 q g ,  1 C 3 1 y ,  a c d  1036b, - T h e s e  a r e  t h e  e r t r i e r  f cr  SIB, 
C C S ,  S U E R ,  r e s F e c t i v e l y ,  Because a l l  o f  these ectlries are 
u n r e s o l v e d d  t h e  C f i e l d  cf  t h 6  u c r e s c l v e d  symlccl t a k l e  entry 
UST) cclctaics t h e  address 11033g) c f  t h e  first cf a c h a i n  

of t h r e e  e n t r i e s  t h a t  aE:E linked t h r c u g h  t h e  U L  f i e l d ,  T h e  
d f f i c e d  ~ y n k c l  t a t l e  c c n r i s t s  cf two c h a i n s .  F c r  t h e  
ExarrFle,  t h e  h a s h  f u n c t i o n  d i v i d e s  the a l p h a k e t  i n  h a l f  
( i * e - #  s y l c b c l i c  names b e g i n n i n g  w i t h  l e t t e r s  A t h r c u g h  PI sal; 
t c  the f i r s t  t a b l e  l c c a t i c n  7 7 0 g B  t h e  rest map t o  t h e  seccnd 
t a t P e  l c c a t i c r !  7 7 7 % ) -  T h e  c h a i n  i n d i c a t e d  a t  77Gg c c n s i s t s  
o n l y  of the entry  a t  102% ( C C S ) ,  Note t h a t  the EL f i e l d  c €  
t h i s  entry is Z ~ E C ,  T h e  c h a i r :  i n d i c a t e d  at l c c a t i o n  7 7 7 g  

c o n s i s t s  c 9  two e c t r i e s ,  a t  I c c a t i c n s  I C 3 3  a c d  10213 (S t lEB 

a n d  SIN,  n ~ s ~ e c t i v ~  
E3 

] F i g u r e  4e shcws t h e  pemcry c c n t c n t  a f t e r  resclving t h e  
ur;-eesclwed syatcls i n  t h e  l i k s a r y  i n d e x  shown 4n F i g u r e  12, 

TIte u n E e s c l s e d  s p m b c l  t a b l e  is now e m p t y  ( t h e  t w e - w c r d  c e l l  
a t  C2% a n d  t h e  U f  f i e l d s  cf t h e  e n t r i e s  a t  1O2lg, 102fig, a n d  

a r e  z e r c )  H c u e v e r s  now t h e  l i k r a r y  q u e u e ,  
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a d d r e s s e d  by t h e  F a n d  L f i e l d s  a t  Q, c o n t a i n s  two e n t r i e s ,  
L I B L C 1  a t  a d d r e s s  IlOOO,, a n d  Z I E Z C Z  a t  a d d r e s s  1 1 0 C 1 2 ~ .  

F i g u r e  4 9  S ~ C W E  t h e  memory c o n t e n t  a f t e r  c o a F l e t i n g  a l l  
i n r u t ,  use1 a n d  l i b r a r y .  There a re  now three e l e m e n t  
d e z c r i F t o r z ,  a t  l o c a t i o n s  looc+, 104%, a n d  1066$ 

r e ~ r e s e n t i c g  s u k F r o g r a m s  ZAlE, SUERTN, a n d  SINCQS, 

r e s F e c t i v e l y .  T h e  Z U b F E O g r a m s  SUERTN a n d  SINCCS a r e  s h o w n  
as r e l o c a t a k l e  e l c e e n t s  i r :  F i g u r e s  8 a n d  9 ,  A n c t h c r  d e f i n e d  
aymkol t a k l e  e n t r y  has k e e n  a d d e d  a t  location 1C53g f c r  t h e  

symtc l ic  address CNSTNT in sukFrcgram S U B R T N .  All of t h e  
d e f i r e d  s y n k c l  t a t l e  entr ies  h a v e  k f e n  c c m F l e t e d ,  w i t h  t h e i r  
relative a d d r e s s e s  a p F e a r i n g  i n  t h e  REZAD field. Two of t h e  
d e f i n e d  s y r b c l s ,  ZIP a n d  CCS, a r e  r e l a t i v e  t o  the s u l p r c g r a l c  
ZIKCC,C. T h i s  is  i n d i c a t e d  b y  t h e  f a c t  t h a t  t h e  EEL f i e l d  cf  
t h e  SIEiCQI  e l e n e n t  d e s c r i F t o r  p o i n t s  t o  l o c a t i o n  102lg., t h e  
516 Entry, a n d  t h e  E L ' I L  f i e l d  of  t h i s  e n t r y  p o i n t s  t c  102t&, 

t h e  CCS e n t r y .  Ihe c tbe r  twc d e f i n e d  s y m b c l s ,  S U B R  a n d  
C t i S T N T ,  a r e  r e l a t i v e  t c  sukprcgram SUERTN. 
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A f t e r  a l l  c l e l s e n t s  h a v e  t e e n  i n p u t ,  t h e  l c a d e r  Froceeds 
t c  phase t t c ,  g l c b a l  a l l o c a t i o n .  I n  t h i s  F h a s e ,  t h e  
a t r c l u t e  a d d r e s s e s  of a l l  camman a reas ,  s u k p r o s r a m s ,  d e f i n e d  
symkcls, a n d  ccrglex a d d r e s s e s  a r e  c o m p u t e d .  Ey c c m p u t i n g  
a t s c l u t e  a d d r e s s e s ,  memcry i s  a l l o c a t e d  to t h e  ccrcmon a r e a s  
a n d  s u t p r o g r a i t s ,  F i g u r e  50 shows t h e  t a s i c  flcw of  t h i s  
FhaS€. A f t e r  the tCinH.cn a r e a s  a re  a l l o c a t e d  SFace. e a c h  
segment is a l l c c a t e d  space i n  the o r d e r  t h a t  resulted from 
the  t c p c l c g i c a l  s c r t .  A s e q m r r t  is a l l o c a t e d  b y  a s s i g n i n g  
e a c h  s u b g r c g r a n :  w i t h i n  i t  a n  a k s o l u t e  a d d r e s s .  As each 
e l e n e c t  i E  a l l c c a t e d ,  t h e  d e f i n e d  s y m b o l s  a n d  common a r e a s  
t h a t  c c c u r  w i t t i p  i t  a re  a s s i g n e d  a b s o l u t e  addresses .  E a c h  

s e g I o e n t  is a s s i g n e d  the peacry s F a c e  f c l l o w i n g  the l a r g e s t  
of  its F r c d e c f s s o r  s e g m e n t s ,  O n c e  a l l  s e g r a e n t s  are 
a l l c c a t e d ,  the co!r!glex c a l c u l a t i c n  tables  are Frccesscd t o  
r r cv ide  t h e  camglex a d d r e s s e s  w i t h  v a l u e s .  ?he  g l o k a l  
a l f c c a t i c n  is t e r a i n a t e d  by a s s i g n i n g  t h e  s t a r t i n g  addres s .  

I t  s h c u l d  be n o t e d  t h a t  g l o k a l  a l l o c a t i c n  requires c n l y  the 
d a t a  t h a t  e x i s t s  it: the t a b l e s ,  
Ellccate C n d e f i n e d  Cammcn Areas ------------------------------- 

F i g u r e  5 1  s h c w s  t h e  a l l o c a t i c n  cf u n d e f i n e d  ccmmcn 
areas  t e t w e e n  3,C and  3.08 i n  t h e  flcw c h a r t .  T h e  v a r i a k l e  
B E S P C  is u s e d  t h r c u g h o u t  tke Fhase as  t h e  n e x t  a v a i l a b l e  
itencry l c c a t i c n .  T h i s  is i n i t i a l i z e d  w i t h  the v a l u e  cf 
EASE, t b e  l owes t  Eemory a d d r e s s  a v a i l a b l e  to t h e  u s e r .  T h e  

u n d e f i n e d  ccmmcn area m u s t  be a l l o c a t e d  i n  t h e  r e s i d e n t  p a r t  
of t h e  p r c g r a r  because of t h e  o v e r l a y  s t r u c t u r e .  ?he 
a k s o l u t e  l c c a t i c n  o f  each c c m i a n  a r e a  i s  f l a c e d  i n  t h a t  
e n t r y ' s  CAESLC f i r l d ,  and  t h e  v a l u e  ef ABSAD i s  increased by 
BSIZ. A t e s t  is s a d e  e a c h  time A E S A C  is i n c r e a s e d  t o  see if 
t k e  h i g h e z t  a v a i l a k l e  a d d r e s s ,  TSPACE, has k e e n  e x c e e d e d .  
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Alloca te  undefined 

and defined symbol 

Figure 50 Flow cha r t  showing Global Allocation 
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Wher. a l l  ccmmcn a r e a s  h a v e  k e e n  a l l c c a t e d  ( N ( C A T ) = O )  , t h e n  
t h e  t o t a l  n u m t c r  cf v c r d s  a l l c r a t e d  t o  u n d e f i n e d  ccmmcn is 
€ l a c E d  i r  T G ' I Z .  T h e  a d d r e s s  cf t h e  f i r s t  E e q m e n t  t o  t e  

a l l c c a t e d ,  RSEG, iz p l a c e d  i n  I, 

,A 11 os 32 e 2 hf-S G E L  csza_ms 

T h e  a l l o c a t i c r  of  cne s e g m e n t  is s h o w n  ketweeo  3 . O A  a n d  
3 . C E .  'Ibe flcw c h a r t  € i r s t  t e s t s  f c r  t h e  e x i s t e n c e  cf the 
seqrnent l c a d i n q  s u k F r c g r a n ,  $LINK$, The p r e s e n c e  cf t h i s  
w i l l  h e  i g n c r e d  fo r  ncw. E a c h  element i s  a s s i g n e d  a n  
a t s o l u t e  a d d r e s s  i r  i t s  AEfLOC f i e l d .  T h e  l ist cf  common 
a r c a s  f o r  e a c h  e l e m e n t  i s  s c a n n e d  t c  see i f  a c y  a r e  d e f i n e d  
r i t i - i c  t h e  elemect ( H l ( K ) = I ) .  T h o s e  a r e  a s s i g n e d  a n  
a t s c l u t e  a d d r e s s  b y  a d d i n g  t h e  r e l a t i v e  a d d r e s s  s t o r e d  I n  
CB351C t o  t h e  a k s c l u t e  a d d r e s s  A B S A C ,  Next,  t h e  l ist  cf 
d e f i n e d  s y m k c l s  is F r C C € S s € d .  Fcr e a c b  e n t r y  t h e  r e l a t i v e  
a d d r e s s  i n  t h e  R E L B C  f i e l d  is added t c  t h e  a k s c l u t e  a d d r e s s  
a s s i g n e d  t c  t h e  e l e m e n t ,  ABSAC, When e a c h  elemect h a s  k e e n  
a l l o c a t e d ,  t h e  v a l u e  cf A E S A C  is i n c r e a s e d  by t h e  v a l u e  cf 
tl-e S I Z E 1  f i e l d  cf t h a t  e l e m e n t  d e s c r i p t o r ,  t h e  tes t  f o r  
u e a c r y  c v e r f l c k  is E a d e ,  a n d  t h e  n e x t  e l e m e n t  d e s c r i p t o r  is 
l c c a t e d ,  C n c e  a l l  e l e m e n t s  i n  a s e g m e n t  h a v e  t e e n  a l l o c a t e d  
( B E I T  ( J ) = C )  , t h e  a d d r e s s  a s s i g n e d  t o  t h e  s e g m e n t  is s t o r e d  
i n  t h e  E A r R  f i e l d  cf t h e  s e g m e n t  descr iFtcr ,  a n d  t h e  n e x t  
a v a i l a k l e  a d d r e s s  is s t o r e d  i r ,  t h e  HBDR f i e l d ,  This d e f i n e s  
t h e  e x t e n t  of the s e g m e n t ,  

I f  t h e  u s e r  Frcgram is s e g m e n t e d ,  t h e n  lreacry c v e r l a y  
is i n d i c a t e d ,  a n d  t h e  l i k r a r y  r o u t i n e  t h a t  p e r f c r m s  t h e  
s e g m e n t  o v e r l a y ,  named $ L I N K $  h e r e i n ,  h a s  k e e r  a d d e d  t o  t h e  
u a i o  ~ e g u e n t ~ c  c h a i n  of e l e r c e n t s .  ? h i s  s u k F r c q r a m  is 
a l l c c a t e d  a e m c r y  i n  a d i f f e r e n t  m a n n e r ,  a n d  t h e r e f o r e ,  t h e  
a l g c x i t h m  scans f c r  t h i s  s u t F r o g r a m  s p e c i f i c a l l y ,  When i t  
disccvers i t ,  it stores t h e  a t s o l u t e  a d d r e s s  i n m o d i a t c l y  
f o l l o w i n g  it i n  , v a r i a b l e  S E G T A E  a n d  i n c r e a s e s  t h e  e l e m e n t  
s i z e  i n d i c a t e d  fcr i t  b y  t h e  n u m b e r  of s e q n e n t s  minus 1, 
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T h i s  is d c n e  EC t h a t  a t a k l e  of s e g m e n t  l o c a t i c n s  nay  t e  

lcaded i n t c  t h e  rreuorp i m m e d i a t e l y  f o l l o w i n g  t h e  s u k p r o g r a m  
Q L f l C i K $ ,  

Before t h e  r iex t  s e g m e n t  c a n  ke p r o c e s s e d ,  t h e  HACR 
f i e l d s  of a l l  t h e  F r E d e C E E I C r S  roust  b e  ccmcpar€d t c  f i n d  t h e  
l a r g e s t  v a l u e .  T h e  l a s t  F a r t  c f  t h e  flcw c h a r t  descr ibes  
t h e  t e s t s  necessary t c  acccmFl ish  t h i s .  

--- C c n r a t e  ---------- T h e  C c n ~ l e x  ------------- Addre,, -es 

Cnce  a l l  s e g a e c t s  h a v e  k e e n  a l l o c a t e d ,  t h e  ccicFlex 
a d d r e s s e s  are c t l c u l a t e d  ( F i g u r e  5 2 ) .  T h i s  r e q u i r e s  t h a t  
each element d ? ? s C C i F t C r  ke s c a n n e d  t o  see i f  i t  c c r t a i n s  a 
ccuElex a d d r e s s  list. A E  m e n t i o n e d ,  t h e  f i r s t  wcrd of t h e  
ccnF lex  a d d r e z E  l i s t  c o n t a i n s  the a d d r e s s  of t h e  . t ab l e  cf 
ccrFlex c a l c u l a t i c n s  f c r  t h a t  list. The t a b l e  is a s e q u e n c e  
cf t a l f - u c r d  i n n t r a c t i o n s  t h a t  d e f i n e  t h e  c a l c u l a t i o n s  t o  Le 
F e r f C r E e d  f cr  e a c h  c c a F l e x  a d d r e s s .  I n  o r d e r  t o  u n p a c k  t h e  
i n s t r u c t i o n s ,  t he  a l g o r i t h m  s h c w n  i n  F i g u r e  5 2  u s e s  a s w i t c h  
S C  t u  i n d i c a t e  w h i c h  h a l f - w o r d  is t e i n g  e x e c u t e d ,  Once  t h e  
i n s t r u c t i c n  h a s  L e E n  u n F a c k e d  i n t c  t h e  o p e r a t o r  f i e l d  OPC, 
the t a k l e  i n d i c a t c r  f i e l d  T I ,  a n d  t h e  t a k l e  i n d e x  f i e l d  
I N C E X ,  t h e n  t h e  a d d r e s s  c r  value of t h e  syiekclic a d d r e s s  a t  
l c c a t i c n  i n d e x  i n  t a k l e  T1 is r e t r i e v e d  by the FINO 
f u n c t i c n .  

F i g u r e  53 shcss t h e  flow c h a r t  f o r  t h e  FIMD f u n c t i a n ,  
I f  T I  is 1, t h e n  t h e  a d d r e s s  of t h e  d e f i n e d  s y m k c l  p o i n t e d  
t c  a t  l o c a t i o n  I I I C E X  of t h e  u n d e f i n e d  symbol list is s t o r e d  
i n  V A L  . I f  TI is 2 ,  t h e n  t h e  c o n t e n t s  o f  t b e  VALUE f i e l d  
of t h e  d e f i n e d  s y n k c l  is s t c r e d  i n  V A L .  If T I  is  3, t h e n  
t h e  a d d r e s s  c f  t h e  ccmicn a r e a  p o i n t e d  t c  a t  l cca t i cn  INDEX 
of t h e  ccHmcn s y l a t c l  l i s t  is stcred i n  VAL. I f  TI is 4, 
t h e n  t h e  c c w F l e x  a d d r e s s  l c c a t e d  a t  l oca t i c r  INDEX i n  t h e  
ccnFlex a d d r e s s  I i E t  is stored i n  V A L -  I f  T I  i s  5, t h e n  t h e  
v a l u e  c f  the i n d e x  is l o a d e d  i n t o  V A L .  I f  T I  is 0, 6 ,  or 7 ,  

E C t h i n g  haFF€nS ,  
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Figure 52 
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FIND(J,TI,INDEX,VAL) e 

I I 
a I I<--USL (J)+INDEX 1 

VAL<--W (H2 (I) -1) 9 VAL<--W (H2 (I) -1) 5- 
J/ .L 

rei 

I 

irn 

Figure 53 
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O n c e  the  v a r i a k l e  V A I  has k e e n  set b y  t h e  E I N E  f u n c t i o n  
the o p e r a t i c n  s F e c i f i e d  b y  t h e  o p e r a t o r  f i e l d  CEC is C a r r i e 3  
c u t :  

( a )  i f  OFC is  e q u a l  t o  1, t h e n  V A L  is l c a d e d  i n t c  N 1 ;  
( k )  if CPC is e q u a l  t c  2 ,  t h e r !  V A L  i s  a d d e d  t c  ti l;  

(c) IF CEC i E  e q u a l  t c  3 8  t h e n  V A L  is s u k t r a c t e d  f r c s  

( d )  i f  C F C  i= e q u a l  t o  48 t h e n  N 1  is E u l t i F l i e d  ky 

(e) if CFC i s  e q u a l  t o  5, t h e n  8 1  is d i v i d e d  t y  V A L ;  

( f )  if C E C  i s  e q u a l  t o  6 ,  t h e n  H 1  is stored i n  the 

til; 

VAI : 

c c ~ ~ l e x  a d d r e s s  l ist a t  l o c a t i o n  INCEX, a n d  t h e  

c a l c u l a t i c n  is ccmFlete. 
T h e  complex addresE  list of each element is F r c c e s s e d  i n  
t h i s  m a n n e r ,  

Once  a l l  c o s ~ l e x  a d d r e s s e s  have k e e n  calculated,  t h e  
atsolute addrcss cf t h e  s t a r t i n g  a d d r e s s  is  c c r e F u t e d  a n d  
S t c r e d  i n  t h e  f i r s t  h a l f  of v a r i a b l e  STAR?. A t  t h i s  p o i n t  
qlckaf a l l o c a t i c n  is c o m p l e t e ,  and the p r o c e s s i n g  o f  
r e l c c a t a h l c  c e d e  b e g i n s ,  
-e-- E x a n x &  

F i g u r e  54 shcvs the c c n t f n t s  cf memcry a f t e r  glokal 
a l l o c a t i o n  f c r  t h e  e x a s F l e .  The common area ELCfK 
(descriptor a t  lccaticr, 7 7 7 6 % )  h a s  been a s s i g n e d  a b s o l u t e  

a d d r e s s  10008- The s u k F r o g r a m s  M A I N ,  SrJEP?B, a n d  SINCCS 

( e l e m e ~ t  d e s c r i F t c r s  a t  100Sg, 104Gg, ana 106% 
r e s F e c t i v e l y )  h a v e  been a s s i g n e d  a b s o l u t e  a d d r e s s e s  10128, 

1024dp a n d  122Ug k e c a u s e  t k e  ccmleon L area r e q u i r e d  12g 

I c c a t i c n s ,  sukErcgram M A I N  r e q u i r e d  12g lccat icns ,  a n d  
s t .kE;ragram SUBFTK r e q u i r e d  200% l o c a t i o n s .  D e f i n e d  symbols 
$Tti a n d  COS r e F r e s e n t i n g  s y m b o l i c  a d d r e s s e s  a t  r e l a t i w e  
f c c a t i o n s  5 a n d  0 within sukgrogram SINCCS, h a v e  b e e n  
a s s i g n e d  a t s c l u t c  a d d r e s s e s  123 l6 a c d  1224g, r e s p x t i v e l p ,  
C e f i n e d  s y m k c l s  CNSTN'I a n d  SUBR, r e p r e s e n t i n g  E y m k o l i c  
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a d d r e s s e s  a t  r e l a t i v e  l o c a t i o n s  0 a n d  lo,, w i t h i n  s u t F r c g r a m  
SUEFTN, h a v e  teen a s s i g n e d  atsolute a d d r e s s e s  1C24y a n d  
7074,, r e s ~ e c t i v e l y ,  ?he c o m p l e x  a d d r e s s e s  a t  l c c a t i c n s  
1 C C l -  a n d  1C62g h a v e  b e e n  c a l c u l a t e d  a n d  c o n t a i n  v a l u e s  
7fC46 a n d  7 6 5 5 3 % .  

4 
3 

8 

The t h i r d  a n d  l a s t  F h a s f  cf t h e  lcader a l g o r i t h m  is t o  
t r a r E l a t e  a l l  t h e  r e l c c a t a k l e  c o d e  t o  e x e c u t a k l e  ccde, u s i n g  
the a h s c l u t e  a d d r e s s e s  a s s i g n e d  i n  p h a s e  t u o ,  a n d  t c  o u t p u t  
t be  a k s c l u t e  e l e u e n t ,  F i g u r e  55  s h o w s  t h e  f low c h a r t  for 
t h i s  F h a s e .  I n  t h e  case of memory o v e r l a y ,  s e v e n  tasks m u s t  
t e  E e r f c r a e d :  

( a )  s e t u ~  a c d  o u t p u t  t h e  h e a d e r  record;  
(t) t r a n z l a t c  the r e l c c a t a k l e  c c d e  f c r  e a c h  eleaoent i n  

t h e  c v e r l a y  segments a n d  o u t p u t  t h e  e x e c u t a b l e  
ccde  ; 

(c) t r a n s l a t e  the r e l o c a t a k l e  c o d e  for e a c h  e l e m e n t  i n  
t h e  r a i n  s e g m e n t  a n d  c u t F u t  t h e  e x e c u t a b l e  ccde; 

a d d r e s s  t h a t  is  r e f e r e n c e d  frcm a n c t h e r  s e g m e n t ;  
(d )  a s s i g n  a l i n k a g e  t a k l e  a d d r e s s  fcr e a c h  global 

( e )  setul: a n d  o ~ t p u t  the s e g m e n t  t a k l e ;  
( f  c c m b i n e  a n d  o u t p u t  t h e  linkage t a b l e ;  
(9 )  Ferfcrm all n e c e s s a r y  p r i n t - o u t ,  

I f  t h e r e  is R G  overlapr t h e n  c c l g  s t e F s  ( a ) ,  ( c ) ,  a n d  
are F"Eafo+e@d, 

T h e  c n t F u t  cf t h e  h e a d e r  record is shown a s  a d e t a i l r d  
flow c h a r t  i n  F i g u r e  5 6 .  The h e a d @ +  r e c o r d  c o n s i s t s  cf f o u r  
w c r d s ,  c o n t a i n i n g  t h e  Came of t h e  a k s c l u t e  e l e r e n t  ~~~~~~~~ 

the l o c a t i c c  a n d  sumker of u n d e f i n e d  commcn area wcrda (BASE 
a n d  TOTZ) t h e  skarting a d d r e s s  (H1 (START)), a n d  t h e  m a i n  
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I lthe main segment 

absolute elemen 

exit 

Translate each 
elrement 's relocatable 

code and output i t  
I 

Figure 55 Flow chart Shnwing Relocatab l e  Trans lat ion 
and Output 
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H1 (J+2) <--BASE 

H2 (J+2) (--TOTZ 

H2 (J+l) $-&MIND 

H1 (J+3) +-H1 (START) 

O(2 ,OUTU,F(OUT) ,4  

i 

Figure 56 
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e e g r r e n t  i n d i c a t o r  f l a g  (EIBC), I n  a d d i t i o n ,  t b e  first h a l f  
cf t h e  s e c c n d  word is  set t o  1 if o v e r l a y  s e g m e n t s  f o l l o w ,  
T h e  r eco rd  is c u t E u t  t c  I / C  u n i t  CUTU, 

The y r c c e s s i n g  of o v e r l a y  s e g m e n t s  is shown a s  a f lcw 
c h a r t  i n  F i g u r e  57, E a c h  s e g r e r t  is i n i t i a l i z e d  t p  s e t t i n g  
the s e g m e n t  i n d i c a t o r  TLDIC tc zero, s e t t i c g  t h e  EltC f i e l d  
o f  t h e  segml fn t  d e s c r i p t c r  t c  Z E E O ,  s t o r i r g  t h e  c u r r e n t :  
nunter cf c v e r l a g  s e g m e n t  reccrds i r ,  t h e  CUTLCC f i e l d  of the 
s e g n e n t  d e s c r i F t c r ,  a n d  l o a d i n g  J w i t h  t h e  a d d r e s s  of t h e  
f i r s t  eletrent d e n c r i p t o r -  For e a c h  e l e m e n t ,  processing is 
i n i t i a l i z e d  by l o a d i n g  t h e  i n p u t  buffer (first  l c c a t i o n  is 
F t X h ' P ) )  w i t h  t h e  first  b l o c k  of r e l o c a t a t l e  code frcm 
f l e n e n t ' s  t f r F c r a r y  mass s t o r a g e  l o c a t i c n  H A S L C C ( J ) .  T h e  
re lcca tak le  ccde f c r  t h e  e lerent  is t r a n s l a t e d  a c d  c u t F u t  ky  
the f u n c t i c n  TRANS u h i c h  is  e x F l a i n e d  i n  d e t a i l  belcu,  O n c e  
t h e  t r a n s 1 a t i . c n  c f  t h e  r e l c c a t a k l e  code is ccaeFlete, t h e  
C a s E  s t c r a g f  l c c a t i o n  HASLGC(J)  is r e l e a s e d  t o  t h e  

s e c r e t a r y ,  t h e  next e l e m e n t  d e s c r i p t o r  is loca ted ,  a n d  t h e  
f l e r e e n t  Frccessed, When a l l  the e l e m e n t s  f o r  t h e  s e g m e n t  
a r e  FEOCeSs€d, t h e  n e x t  s e g m e n t  d e s c r i p t o r  is l c c a t e d  a n d  
t h e  n e x t  s e g n e n t  is F r c c e s s e d .  When a l l  s e g s e n t s  h a v e  t e E n  
Froceesed, t h e  v a r i a b l e  I: is l c a d e d  w i t h  t h e  a d d r e s s  cf t h e  
s e g m e n t  d e s c r i F t c r  f c r  t h e  mair, s e g m e n t ,  

The  flow c h a r t  i n  F i g u r e  5 8  d e s c r i b e s  t h e  p r o c e s s i n g  of 
the main  s e g e e n t  a n d ,  i n  the case of o v e r l a y ,  t h e  c r e a t i e n  
and o u t p u t  of t h e  s e g m e n t  t a k f e .  T h e  forren: i s  e s s e n t i a l l y  
t h e  same a s  f c r  o v e r l a y  s e g m e n t s  ~ x c e ~ t  t h a t  t h e  s e g m e n t  
i n d i c a t o r ,  I B C I C ,  is  l o a d e d  w i t h  the g a i n  s e g m e n t  i n d i c a t o r  
f l a g ,  HINC. T h e  t r a n e l a t i o n  of t h e  r e l o c a t a b l e  ccde !cy t h e  
f u c c t i c n  TZARS is d i s c u s s e d  l a t e r ,  

T h e  c r e a t i c n  a n d  o u t g u t  cf t h e  zegooent t a b l e  cccurs 
c n P y  i f  ECICE t h a n  o n e  s e g m e n t  was input; c t h e r w i s e ,  the 
a l g c r i t h m  is c c m g l e t e  e x c e p t  for w r i t i n g  a n  e n d - o f - f i l e  mark 
cn t h e  c u t p u t  unit CUIU, IR t h e  c a s e  of o v e r l a y l  the 
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I J<--STOP(I) I 

Figure 57 
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H2 (F( OUT) ) +-SEGTAB 

Figure 58 
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o v e r l a y  s e g m e n t  l c a d i n g  s u k F r c q r a m  $ L I N K $  r e q u i r e s  a s e g m e n t  
t a t f e  d e f i n i n g  the l c c a t i c n  a n d  s i z e  of each c v e r l a y  
se .gnent .  F c r  t h i s  a l g c r i t h r  l i n e a r  f i l e s  a r e  a s s u m e d ,  a n d  
t k e r e f c r e  t h e  reccrd l c c a t i o n  C U T L C C ( 1 )  a n d  t h e  n u m t e r  cf 
r e c c r d e  B I C ( 1 )  i n  t h e  s e g m e n t  I w i l l  s a t i s f y  t h e  

r e q u i r e m e n t s .  ? h e  t a b l e  m u s t  b e  p l a c e d  i m m e d i a t e l y  
fcllcuing t h e  $ L I N K %  subprogram a t  t h e  a d d r e s s  stcred i n  
S E G T A B .  ? h e  c u t r u t  is f o r m a t t e d  a s  a s c a t t e r  l c a d  r e c o r d  
w i t h  t h e  v a r i a k l e E  TNCIC acd  SEGTAE i n  t h f  f i r s t  w o r d  a n d  
t h e  s e g m e n t  t a b l e  f o l l o w i n g .  T h e  s e g m e n t  t a t l e  is made 'UF 
cf c n e - w o r d  e n t r i e s ,  The f c rma t  of t h e  ELINKS is n o t  
s F E c i f i e d  w i t h i n  t h i s  r e F c r t .  I n s t e a d ,  an u n d e f i n e d  m a F F i n g  
g ( C U T L C C  ( I )  I ELC ( I )  ) is u s e d  t c  c c n s t r u c t  t h e  e n t r i e s ,  w i t h  
t h e  u n d e r s t a n d i n g  t h a t  t h e  d e f i n i t i c n  cf $ L I N K $  i n c l u d e s  t h e  
d c f i s i t i c r :  cf g-  

T h e  c r e a t i o n  a n d  o u t F u t  cf t h e  l i n k a g e  t a k l e  is shown 
i r  F i g u r e  5 9 ,  A p a r t  of t h e  T R A N S  f u n c t i c n  has created a 
c h a i n  cf g l c b a l  a d d r e s s e s  t h a t  a re  r e f e r e n c e d  from c t h e r  
z e g n e n t s ,  a n d  a s s i g n e d  e a c h  a u n i q u e  a d d r e s s  i n  t h e  l i n k a g e  
t a k l e .  T h i s  chair:  e x i E t s  w i t h i n  t h e  d e f i n e d  s p m k o l  t a b l e ,  
t u t  c a n  ICF considered as s e F a r a t e .  The f i r s t  d e s c r i p t o r  i n  
t h e  c h a i n  is F e i n t e d  t c  ky t h e  f i e l d  P ( E L ' I ) ,  The c h a i n  i s  
l i n k e d  v i a  t h e  UZ f i e l d  cf Each d e s c r i p t o r  il! t h e  crder t h e  
l i z k a g e  a d d i e , t s e s  rere a s s i g n e d ,  T h e  l i n k a g e  address is 
stcred i n  t h e  L R A C R  f i e l d .  ?he o u t p u t  record is g e n e r a t e d  
a s  a s ca t t e r - l cad  word, c o n t a i n i n g  t h e  s e g m e n t  i n d i c a t c r  a n d  
t h e  a d d r e s s  cf t h e  first e n t r y ,  f o l l o w e d  ky t h e  t a k l e  cf 
tcc-wcrd e n t r i e s ,  T h e  t w o - u o r d  e n t r y  ( F i g u r e  14 (c) 1 
c c n t a i n s  a $fflSK$ S u b F r o g r a m  ( J U R E W C R C )  i n  the  f i r s t  W O S d ,  

while t h e  zeccnd ircrd c o n t a i n s  t h e  s e g m e n t  n u a t e r  i n  w h i c h  
the d e f i n G d  s y n b c l  is located a n d  t h e  a b s o l u t e  a d d r e s s  
a s s i g n e d  t c  t h e  d e f i n e d  symtol.  The s e g m e n t  numl ter  
corresFcnds t c  t h e  s e g e s e n t  table d e s c r i b e d  akove, Each 
e n t r y  i n  the c h a i n  is F r c c e s s e d  u n t i l  t h e  c u t p u t  k U f f E r  
fills u p  cr  u n t i l  t h e  c h a i n  is e x h a u s t e d ,  If t h e  c u l F u t  
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t u f f e r  f i l l s  U F ,  i t  is c u t p u t  a n d  F r c c e s s i n g  c c n t i n u e s ,  
U t f r  t h c  c h a i n  i s  e x h a u s t e d ,  t h e  o u t p u t  b u f f e r  i s  c u t F u t .  
T h e  a t s c l u t e  e l e m e n t  is now c o m p l e t e ,  a n d  a n  e n d - o f - f i l e  
K a K k  i E  w r i t t e n  cn t h e  o u t p u t  u n i t  CIJTU, 

T h e  l a e t  steF, t h e  F r i n t - o u t ,  is c m i t t e d  from t h e  

reFcr t  a s  i t  d e F e n d s  t o  a l a r g e  e x t e n t  o n  f o r m a t t i n g  cf 
E y r c k c l i c  c u t F u t ,  a p r o c e d u r e  t h a t  v a r i e s  from m a c h i n e  t c  
n o a c t i n e .  

A t  t h i s  F c i n t ,  t h e  r e l o c a t a b l e  code  t r a n s l a t i c n  
f u n c t i c n  is d e s c r i b e d .  T h e  f u n c t i c n  p e r f o r m s  four s e F a r a t s  
tasks: 

(a) each r e l c c a t a k l e  wcrd  is U n F a c k e d  frcm t h e  i n p u t  
k u f f e r ,  t r a n s l a t e d ,  a n d  p a c k e d  i n t o  t h e  o u t F u t  

(b) i f  the r e loca tak le  w o r d  was a n  a d d r e s s  r e f e r e n c i n g  
a g l c t a l  symtol, i t  c h e c k s  t o  see i f  t h e  r e f e r e n c e  
was t o  a n e t h e r  s e g m e n t ;  

t u f  f e r ;  

(c) i f  t h e  c u t F u t  k u f f e r  f i l l s  u p ,  i t  c u t E u t E  t h e  
b u f f e r  a n d  r e - i n i t i a l i z e s ;  

( d )  i f  t h e  a n d  cf a n  i n p u t  k u f f e r  is r e a c h e c !  a n d  
a n c t h e r  block cf r e l o c a t a b l e  code r e m a i n s  c n  mass 
s t o r a g e ,  t h e n  t h e  b l c c k  i s  i n F u t .  

T h e  four t a s k s  a r e  d e s c r i t e d  i n  t h e  form af f l c u  cha r t s  in 
F i g u r e s  60 a n d  El. T a s k s  ( a ) ,  ( c ) ,  a n d  ( d )  a re  d e s c r i b e d  i n  
F i g u r e  6C, w h i l e  t a s k  (k) is d e E c r i t e d  i n  F i g u r e  61, 

T h e  s e c o n d  task cf t h e  t r a n s l a t i c n  r c u t i n e  is t o  
r e c c g n i z e  a l l  i n t e r - s e g m e n t  a d d r e s s i n g .  This is Frcwided 

u i t h  t h e  f u n c t i c n  C H E C K L I N K  s h o w n  in F i g u r e  61 ,  T h i s  

f u n c t i o n  c h e c k s  t o  see i f  t h e  d e f i n e d  syrbcl  a t  l c c a t i o n  X 

i r  i n  the +am€ s e g E e n t  a s  t h e  s u k p r c g c a m  r e F r e s e n t e d  b y  t h e  
e l e v e n t  d e s c r i F t c r  a t  l o c a t i o n  I, I f  so,  t h e n  I is set t o  
2 e f c  a n d  t h e  f u n c t i o n  r e t u r n s  t o  the translaticn, I f  not, T 

is set  t c  c n e ,  a n d  a c h e c k  is made to see t h a t  a linkage 
entry is a l l c c a t e d  t c  t h e  d e f i n e d  symfol,  T h e  l i n k a g e  e n t r y  
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is p r o v i d e d  Iry s t o r i n g  t h e  a d d r e s s  of a t a c - w o r d  c e l l  frcm 
t t e  a o a i l a k l e  aenccxy h F a c e  i n t o  t h e  LKADB f i e l d  cf t h e  
defined s p n k c l  entry a n d  l i n k i n g  t h e  d e f i n e d  symkol e n t r y  t o  
a c h a i r :  o f  l i n k a g e  e n t r i e s .  Also, a c h e c k  is ncade t c  
a s c e r t a i n  & h e t h e . r  t h e  a d d r e s s  r e f e r e n c e  is b r t w e c n  segments 
t h a t  o v e r l a y  each c t h e r .  I f  so,  d e F e n d i n g  u F c n  t h e  v a l u e  
a s s i g n e d  t c  t h e  i n g u t  variakle CK, an errcr  t e r D i n a t i o n  
c c c u r s ,  o r  t h e  t r a n s l a t i c n  c o a t i n u e s ,  

The t r a n s l a t i c n  requires u n F a c k i n g  of t h e  r e l c c a t a k l e  
code from t h e  i n F u t  k u f f e r  a n d  r e p a c k i n g  t h e  e x e c u t a k l e  code  
i n t o  t h e  c u t F u t  kuffer, T h e  relocatable i c F u t  a n d  

e x e c u t a k l e  o u t F u t  is i n  t h e  f G r m  of a s t r i n g  cf relccatable 
k c r d s ,  each c f  v a r y i n g  l e n g t h s .  I n  o rder  t c  f a c i l i t a t e  
d e i c r i F t i c n ,  two s t r i n g  p o i n t e r s ,  B I  a n d  B O  , are u s e d  as 
F c i n t e r s  t c  t h e  c u f r e n t  b y t e  i n  t h e  s t r i n g s  l o c a t e d  i n  t h e  

i n p u t  a n d  o u t F u t  b u f f e r s ,  c c u n t i n g  from t h e  b e g i n n i n g  cf t h e  
Icuf fers .  The f u n c t i c n  E Y T ( i , j , k )  is u s e d  t o  i n d i c a t e  t h e  k 

Icytes k e g i n n i n g  w i t h  t h e  j - t h  tpte c o u n t i n g  f r c a  a e r t c r p  word 
i .  O t h e r  P a r i a t l e E  u s e d  a r c  N E Y ' I  fcr  t h e  n u m k e r  cf k i t e s  i n  
a ltenccry rcrd,  K? for t h e  n u m b e r  of Words c u r r e n t l y  Stored 
i n  t h e  o u t s u t  k u f f e r ,  IKT €or  t h e  t o t a l  n u m b e r  of ucrds cf 
e x e c u t a b l e  ccde Frcduced f o r  t h e  s u b p r o g r a m ,  a n d  SM f o r  t b ~  
s w i t c h  t h a t  i n d i c a t e s  t h a t  no n o t e  input r e m a i n s .  

' Ibe first, t h i r d ,  and f o u r t h  t a s k s  a r e  s h o w n  i n  € i g u r e  
60- S h e s r  t a s k s  a r e  i n i t i a l i z e d  t y  s e t t i n g  the v a r i a t l e s  t o  
t h e i r  i n i t i a l  v a l u e s ,  E a c h  time the c u t p u t  fu f fer  is 
i n i t i a l i z e d  t h e  f i rs t  wcrd cf t h e  k u f f e r  is leaded w i t h  a 
scatter l o a d  wcrd, The s e g m e n t  i n d i c a t o r  INDIC is s t o r e d  i n  
t b e  f i r s t  h a l f  cf t h i s  word, a n d  t h e  address  a t  w h i c h  t c  

l c a d  t h e  b l c c k  cf e x e c u t a b l e  code is s t o r e d  in t h e  s e c o n d  
h a l f ,  T h i s  adarers is e q u a l  t o  t h e  s u b p r o p r a m  address 
A E S I C C  p l u s  t h e  t c t a l  number of words of e x e c u t a k l e  ccde 
a l r e a d y  F r o d u c e d  for the s u t F s o g r a a ,  TKT, A t  this p o i n t ,  
the t r a n s l a t i c n  of  t h e  r e l cca t ak le  code kegic-s ,  T h e  
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v a r i a b l e  IC is l o a d e d  w i t h  t h e  f i r s t  b y t e  cf the +elccatable 
w c r d  ( I c t - E Y T ( J , E I , l ) ) .  T h e r e  a r e  three f i e l d s  in t h i s  
b y t e :  C F ( 1 D )  is t h e  operator field, P S ( 1 D )  is t h e  size cf 
tl-F: f i e l d  t c  b e  t r a n s l a t e d ,  I I ( 1 C )  is the i o c r c m e n t  
i n d i c a t o r  f i e l d .  L e x t ,  t h e  F S ( 1 C )  b y t e s  o f  tbe f i e l d  t o  f e  
t r a n s l a t e d ,  w h e t h e r  d a t a ,  a d d r e s s ,  o r  t a k l e  i n d e x ,  is 
U n F s c k e d  i n t o  F I E ,  

The t r a n s l a t i c n  of t h e  r e l o c a t a b l e  word  is a f u n c t i o n  
c f  t h e  c c n t e n t s  cf t h e  f i e l d  C F ( 1 C ) .  If  C E ( 1 C )  is e q u a l  t c  
1, t h e  c c ~ t e c t s  cf FIE a r e  d a t a  a n d  no  t r a n s l a t i c n  is 
n e c e s s a r y ,  I f  C P ( I C )  i s  e q u a l  t o  2, t h e  ccn ten t s  of FLC 

reFresent  an a d d r e s s  r e l a t i v e  t o  t h e  s u h F r c g r a n !  a n d  a rE  

a d d e d  t o  t h e  s u k F r o g r a m  a d d r e s s .  I f  O P ( 1 C )  is  e q u a l  t o  3, 

FIE c o n t a i n s  an index t o  t h e  cCQmon symkcl 1 i E t  f C r  a common 
8 f f a  a d d x e s s ,  a c d  t h i s  a d d r e s s  m u s t  be r e t r i e v e d  from t h e  
CRBSZC f i e l d  cf t h e  common a r e a  d e s c r i p t o r  i n d i c a t e d  by t h e  
a d d r e s s  i n  t h e  c c n i c n  s p m k o l  list.  If C P ( 1 I c )  is e q u a l  t o  4 ,  

TFZD c c c t a i n s  an i n d e x  t o  t h e  u n d e f i n e d  s y m k o l  list, a n d  
? € p e n d i n g  urcn t h e  result  cf c a l l i n g  t h e  f u n c t i o n  CEECKLINK,  

e i t h e r  t h e  a t s c l u t e  a d d r e s s  c f  t h e  d e f i n e d  ~ p a k c l  cr t h e  
a k s c l u t e  a d d r e s s  o f  t h e  l i n k a g e  e n t r y  f c r  t h a t  d e f i n e d  
s y n t c l  is r e t r i e v e d .  I f  C P ( 1 D )  is e q u a l  t c  5 ,  t h e n  PLD 
c c n t a i n s  ar, i n d e x  t o  t h e  c o m p l e x  a d d r e s s  t a b l e ,  a n d  t h e  
c c n t e n t s  cf t h a t  table e n t r y  m u s t  he r e t r i eved .  1% O F I I C )  

is e q u a l  t c  €, t h e n  t h e  e n d  of t h e  r e l o c a t a k l e  i n p u t  has 
kcen r e a c h e d  a n d  a n  a t temFt t o  mad€ by the s e c r e t a r y  t o  
i n p u t  a n o t h e r  b l c c k  cf f e l c c a t a t l e  coae, 

I n  t h e  cases  cf C P ( 1 E )  e q u a l  t o  3, 4, o r  5 ,  t h e n  t h e  
F o s s i k i l i t y  o f  an i c c r e r e c t  t c  t h e  a d d r e s s  i n d i c a t e d  ky t h e  
relocatable word e x i t s .  If I I ( 1 D )  is equal t c  0, there  is 
no  i n c r e m e n t ,  I f  I I ( ? C )  is e q u a l  tc 1, t h e n  t h e  c c n t e n t s  of 
t h e  n e x t  F S { I C )  k y t e s  i n  t h e  i c g u t  E t r i n g  are  a d d e d  t o  t h e  
a d d r c s z  s t c r e d  i n  X, If I I ( ID)  is e q u a l  t o  2, t h e n  t h e  
c c n t s n t s  cf  t h e  n e x t  T s ( 1 c )  b y t e s  i n  the i n p u t  string are 
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s u k t r a c t e d  f r c n  t & e  a d d r e s s  s t c r e d  i n  X ,  

C n c e  t h E  a d d r e s s  is  ccmFlete, i t  is Elaced i n t c  t h e  

a d d r e s s  ~ c r t i c n  cf  FLD. I n  a l l  cases, d a t a  c r  a d d r e s s ,  t h e  

c c n t e n t s  c f  F I E  a x e  p l a c e d  i n t o  t h e  n e x t  F S ( T D )  b y t e s  cf t h e  

c u t F u t  b u f f e r ,  a n d  t r a n s l a t i o n  Froceeds w i t h  t h e  n e x t  
r e l c c a t a b l e  wcrd.  

I f  C E ( I C )  i s  e q u a l  t o  6 ,  a n o t h e r  b l c c k  cf r e l c c a t a t l e  
c c d e  is i n g u t  a n d  t r a n s l a t i o n  c o n t i n u e s .  H o w e v e r ,  i f  a n  
e n d - o f - f i l e  mark i s  r e a c h e d ,  t h e  c o n t e n t s  of the o u t p u t  
t u f f e r  a r e  c u t F u t ,  a n d  re lccatakle  t r a n s l a t i c r  of the 
s u t F r o g r a u  is ccraplete, ? h e  o u t F u t  b u f f e r  i s  c u t p u t  e i t h e r  
a t  the  e n d  c f  t h e  t r a n e l a t i c n  c r  w h e n e v e r  t h e  c u t F u t  k u f f e r  
f i l l s  U F  (KT=N (CUI) 1 ,  

F i g u r e  15  s h c w a  t h e  a t s c l u t e  e l e m e n t  F r c d u c e d  frcm t h e  
c x a u g l c ,  T h e  f i r s t  t l c c k  is t h e  h e a d e r  record ,  t h e  s e c o n d  
k l c c k  is t h e  e x e c c t a b l e  code  for s u b p r o g r a m  H A I N ,  t h e  t h i r d  
t l c c k  r e r r e s e n t s  the e x e c u t a t l e  code f o r  s u b p r o g r a m  SUERTN, 
a n d  t h e  f c n r t h  b l c c k  r e p r e s e n t s  t h e  e x e c u t a t l e  code fcr t h e  

s u k t p r o g r a a  S I N C C I ,  The s e c o n d  H o c k  r e s u l t s  from the 
t r a n s l a t i n g  the  r e l c c a t a k l e  ccde i n  t h e  $TEXT c c n t r c l  reccrd 
of s u k p r c c r a f f  M A I N  showr! i n  F i g u r e s  5 ( a )  a n d  5 ( b ) -  ?he 
s u k F r o g r a r  d e s c r i F t c r  f c r  M A I N  is  sbcwr i n  F i g u r e  54 a t  
l c c a t i c n s  10CSg t b r o u g h  10fOgl T h e  ccmmcr, symbcl l i s t  
k e g i n s  a t  1020s, t h e  u n d e f i n e d  s y m b o l  list b e g i n s  a t  1015&,  
a n d  the s n k g r c s r a m  a d d r e s s  is f o u n d  i n  t h e  AEELOC f i e l d  

The first k c r d  o f  the s e c c n d  block of t h e  a b s o l u t e  
e l e u e n t  c c r t a i n s  the m a i n  s e g m e n t  i n d i c a t o r  ( 5 5 5 5 5 5  ) i n  t h e  
first h a l f ,  and t h e  s u O F r o g r a m  address i n  the second h a l f  
( J ( i l Z g ) .  F e l c c a t a b l e  wcrds 1 a n d  2 r e p r e s e n t  d a t a  arid have 
t r a n s l a t e d  directly t c  words 1 a n d  2 of  the e x e c u t a t l e  c c d e ,  
F e l c c a t a t l e  w c r d r  3 ,  5 ,  7, 9, 11, 1 3  a n d  15 r e F r e s e n t  n c n -  
a d d r e s s  F a r t s  o f  i n s t r u c t i c s s  a n d  h a v e  t r a n s l a t e d  directly 

x 
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t o  -the f i r s t  k a l v ~ s  c f  w c r d s  3, l l 8  5, 6 ,  7, 8,  a n d  9 cf t h e  
c x e c u t a k l e  c c d e ,  P e l c c a t a k l e  wcrds 6,  8, 1 2 ,  14, and 16 
K ~ F ~ E S E E ~  a d d r e s s e s  relative t o  t h e  s u b p r o g r a m ,  T h e s e  
r e l c c a t a b l e  wcrds t r a n s l a t e ,  k y  a d d i n g  t h e m  t c  1012g, t c  t h e  
e e c c n d  h a l v e s  cf words 4 ,  5 ,  7, 8, a n d  9 i n  t h e  e x e c u t a b l e  
code.  T h e  r e l c c a t a h l e  word 4 is a r e f e r e n c e  t c  a n  e x t e r n a l  
a d d r e s s .  The ccotents  cf tke a d d r e s s  F c r t i c n  c f  t h e  FLD 

f i e l d  i n d e x  t h e  s e c c n d  l o c a t i o n  i n  t h e  common symtol list- 
Ihis is the entry a t  1O1fig i n  t h e  t a b l e s  w h i c h  F c i n t l c  t o  t h e  
a k s c l u t e  a d d r E s s  i n  t h e  f i r s t  a d d r e s s  p o r t i o n  cf t h e  w o r d  
l O ? l * .  T h e  a d d r e s s  i n  t h i s  l c c a t i o n  is 1224*. This address  

is F l a c e d  ictc t h e  a d d r e s s  p a r t  of FLD a n d  t h e  whole f i e l d  
keccmes t h e  E e c c n d  h a l f  of  word 3 i n  t h e  e x e c u t a t f e  code. 
Siailarly, the e x t e r n a l  addresses s p e c i f i e d  Cy r e l o c a t a t l e  
words 1 0  a n d  18 beccaoe t h e  s e c o n d  h a l v e s  of w o r d s  6 a n d  10 
i n  the e x e c u t a k l e  c c d e .  Belccatakle w c r d  17 sFecif ies  a 
common a r e a ,  Tke ELI) f i e l d  i n d e x e s  the f i r s t  l c c a t i o n  i n  
the C C I N C P  ~ y ~ k o l  l i s t  f c r  t h i s  s u k p r c g r a m  (lccated at 
102Cg). T h i s  c o n t a i n s  t h e  a d d r e s s  of t h e  common area 
d e s c r i g t o r  f c r  EICCR, w h i c h  h a s  b e e n  a s s i g n e d  a b s o l u t e  
a d d r e s s  1CO08. T h e  i n c r e m e n t  i n d i c a t i o n  f i e l d  of t he  
r e l c c a t a k l f  w c r d  i s  e q u a l  t o  1,  a n d  so t h e  c o n t e c t s  o f  the 
i n c r e m e n t  f i e l d  l(5) is a d d e d  t c  t h e  a d d r e s s  (100%) t o  
p r o d u c e  tte a d d r e s s  s t o r e d  i n  t h e  f irst  h a l f  cf wcrd 10 i n  
t h e  e s e c u t a k l e  ccde,  It sbculd ke n o t e d  t h a t  i n  a l l  address  

n c d i f  i c a t i c n s ,  t h e  t r a n s l a t i o n  o n l y  e f f e c t s  t h e  a d d r e s s  Fart 
cf t h e  FLD f i e l d ,  a n d  t h e  c o n t e n t s  of t h e  rest of t h e  f i e l d  

a x e  left v c t c u c h e d ,  

* 
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T h e  c c n t c n t i c n  o f  t h i s  FaFrr i s  t h a t  t h r c u g h  close 
e x a a i c a t i c n  cf slc'tem scftware, a h a r d w a r e - s o f t w a r e  m i x  c a n  
ke a c h i e v e d  t h a t  k i l l  i m p r o v e  t h e  p e r f o r m a n c e  of  t h e  s y s t e m ,  
T h i s  s e c t i o n  e x a m i n e s  t h e  a l g o r i t h m  f o r  t h e  l e a d e r  
( F r e s e n t e d  i n  s e c t i c n  4) i n  g e n e r a l  a n d  a p a r t i c u l a r  
f u n c t i o n  cf t h e  l e a d e r  i n  d e t a i l  i n  o r d e r  t c  Frovide  
e v i d e n c e  t o  t h i s  c c n t e n t i c n .  

I n  o r d e r  t c  d r a w  Leascca t le  ccnclusions, a masure of 
p e r f o r m a n c e  is d e f i n e d .  Ir! e s t a k l i s h i n g  t h i s  a e a s u r e ,  we 

w i l l  assuse t h a t  t h e  overall scftware d e s i g n  cf t h e  z y s t e r n  
is f i x e d ,  T h i s  r e m o v e s  d i s c u s s i o c t  cr t h e  merits of 
d i f f e r e n t  a l g c r i t b a s  from t h e  scope of  the F a F e r .  M i t h i n  
t h i s  f r a a e w o r k ,  a n  ~ ~ E r q q e ~ e g ~ i q - p e r f o r m a n c e  of  a s y s t e m  
Frcgraa w i l l  k e  d e f i n e d  as a r e d u c t i o n  i n  t h e  systels's 
c e s c u r c e s  a l l c c a t e d  t c  t h a t  p r o g r a m  ti-e., s y s t e m s  
o v e r h e a d ) .  M e a s u r e a e n t  cf  s y s t e m s  r e s o u r c e s  c a n  ke 
s e p a r a t e d  i n t c  t h e  s p e c i f i c  d e m a n d s  p l a c e d  ,uEcn t h o s e  
r e s c u r c e s :  F r c c e s s c r  time, BOQLCIJI ,  and a u x i l i a r y  memory, 
b l i t b i n  this F a F e r  we will c o n c e n t r a t e  on two: c e n t r a l  
grccersor time a n d  m e m o r y .  C e n t r a l  p r o c e s s o r  time (CFU 

t i a e )  will ke E e a s u r e d  i n  terms of m a i n  n e m c r y  c y c l e s ,  
LY,GIICKY usage will be r e p r e s e n t e d  by t h e  space-time i n t e g r a l  p{t) d t  

4, 
wtere t 2 - t l  r e F r e c e n t e  t h e  p e r i o d  t h a t  memory was u s e d  a n d  

M t t )  r e p r e s e n t s  t h e  meeacry used a t  time t, IIa a word 

a d d r e s s a k l s  rneoocry t h e  u n i t s  are ucrds/seccnd, The 
m e a s u r e m e n t  cf C P U  is a t r a d i t i o n a l  nrethcd w h i l e  the memory 
r c a r u r e m e n t  h a s  c n l p  krcomc n e c e s s a r y  s i n c e  t h e  a d v e n t  of 
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m u l t i p r o g r a m m i n g ,  As a a  e x a m g l e  cf t h e  m a g n i t u d e  cf systems 
o v e r h e a d  i r :  c c n t e m g o r a r y  systems, t h e  UBIVAC l l O e  EXEC e 
system r e q u i r e s  a n i c i m u n  of E5000 words cf  remcry, 
c c n t i n u a l l y .  

Ey i t s e l f ,  t t e  d e f i n i t i c r .  cf p e r f c r m a c c e  i r F r c v e m e n t  is 
nct z a t i s f a c t c r y  k e c a u s e  i t  d c e s  n o t  i r c l u d e  t h e  c o n c o m i t a n t  
c h a n g e  i n  r c c e t a r j  cost ,  a l t h o u g h  a 1 0  p e r  cent r e d u c t i c n  
i n  C P U  t i u e  a n d  memory word/seconds may he a c h i e v e d ,  i f  t h e  
c c s t  cf t h e  c c r g u t e r  d o u b l e s  t h e n  t h e  o v e r a l l  L e n e f i t  is 
d e t a t a k l e ,  ' I h e r e f c r e ,  a n y  h a r d w a r e  r e f i n e s e n t s  m u s t  t a k e  
i n t o  c c n s i d e r a t i c n  t h e  cost. 

G i v e n  a a e t h c d  of m e a s u r i n g  p e r f o r m a n c e  it is h e l p f u l  
t c  e x a m i n e  F r e v i c u s  h a r d w a r e  r e f i n e m e n t s  t h a t  h a v e  r e s u l t e d  
i n  a r e d u c t i o n  of  system c v e r h e a d ,  Amcng t h e s e  a r e  the 
i n t r o d u c t i c n  of  i n d e x  r e g i s t e r s  a n d  m u l t i p l e  accumulators, 
a n d  t h e  d e V E l c F U f n t  cf h a r d w a r e  i n d i r e c t  a d d r e s s i n g  
s c c u e n c e s .  T h e s e  c h a n g e s  a n d  c t h e r s  have l e d  t o  larger  a n d  
F c r E  F c w e r f u l  i n s t r u c t i o n  sets, I n d e x  r e g i s t e r s  a n d  
i n d i r e c t  a d d r e s z  i n g  al lcw i n t r i c a t e  a d d r e s s i n g  t u  he 
F e r f c r n e d  b y  a s i n g l e  i n s t r u c t i o n ,  r e s u l t i n g  ir a s a v i n g  i n  
CFU tilre a n d  ur-emcry. F a r t  of t h e  s a v i n g  i n  CPU time is d u e  
t c  t h e  r e d u c t i c n  cf i n s t r u c t i o n  f e t c h s  from m a i n  a e m c r y ,  a n d  
p a r t  is d u e  t c  t h e  f a c t  that more is b e i n g  d o n e  i n  t h e  
i n s t r u c t i o n  f e t c h  cycle. The a d d i t i c n  of more h a r d w a r e  
r e g i s t e r s  is a d v a n t a g e c u s  p r i n c i p a l l y  k e c a u s e  it F r c v i d e s  a 
h i g h  s F e e d  l c c a l  s tc re  for t h e  s t o r a g e  of f r e q u e o t l y  u s e d  

,3 

v a r i a b l e s  a n d  s t o r a g e  o f  p a r t i a l  r e s u l t s ,  B n o t h e l c  
n o t e u o r t h y  a d v a n c e  h a s  t e e n  t h e  a d v e n t  of p a r t i a l  wcrd 
a d d r e s s i n g .  T h i s  a l l c u s  f o r  t h e  e f f i c i e c t  F a C k i n g  of 
i n f c r m a t i c n  ( f r e e i n g  memory)  a n d  r e t r i e v a l  of i n f o r m a t i c n  
( f r e e i n g  menccry c y c l e s ) ,  Cne of t h e  more p e r t i n e n t  

a d d i t i c n z  h a s  k e e n  t h e  i n c l u s i c n  cf sFecial i n s t r u c t i o n s  
t h a t  are aimed F a r t i c u l a r l y  a t  a l l e v i a t i n g  system c v e r h e a d ,  
Fcr e x a m p l e ,  t h e  UBIVAC llC8 i n s t r u c t i o n  se t  i n c l u d e s  a s e t  
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c f  i n s t r u c t i c n s  f o r  s e a r c h i n g  l i n e a r  l ists  i n  c o n t i g u c u s  
memcry  l o c a t i c n s .  T h e s e  i r s t r u c t i o n s  p r o v i d e  t h e  pcwer of a 
s u k r o u t i n e  i n  c n e  i n s t r u c t i o n ,  

It may t e  F o s r i b l e  t c  g e n e r a l i z e  these  p a s t  s u c c e s s e s  
a s  f c l l o w E :  

(a)  j u d i c i c a s  s e l e c t i c n  cf h a r d w a r e  c f t e r  Frec ludes  
a w k w a r d  a n d  r e p e t i t i v e  i n s t r u c t i o n  s e q u e n c e s ;  

(b) c f t e n - r e F e a t e d  i n s t r u c t i o n  se ts  s h o u l d  t e  i s o l a t e d  
a n d  t h e  p o s s i b i l i t y  of p r o v i d i n g  a h a r d w a r e  
r e p l a c e s a t  . c o r s i d e r e d  ( i n  € a r t i c u l a r ,  l is t  
c g e r a t i c n s  s h c u l d  Ice e x a m i n e d  i n  t h i s  l i g h t ) ;  

cverlcoked. 
(c) t b e  c o s t  of i n s t r u c t i c n  fetch s h o u l d  n o t  ke 

The g e n e r a l i z a t i c n s  a t o v e  a r e  ky no m e a n s  a c c m p l e t e  Set ,  
k u t  t h e y  d c  r r c v i d e  some d i r e c t i c n  t o  t h e  s t u d y  cf a better 
h a r d a a r e - s o f t w a r e  s i x .  

A t  t h i s  F o i n t  i t  i s  w o r t h w h i l e  t o  d i s c u s s  t h e  method of 
s t u d y .  Eardvare i m F l e m e n t a t i o r  a n d  t e s t i n g  is e x t r e m e l y  
e x E e n s i v e  i n  t h e  t r a d i t i o n a l  m a n n e r ,  It is better i f  a 
s i f f u l a t i a n  of t h e  p r o p o s e d  hardware  i n ! p l e m e n t a t i o n  c a n  ke 
e f f e c t e d  f i r s t  i n  roftware. S i m u l a t i o n s  are g e n e r a l l y  slow 
t u t  allow e x t e n s i v e  a rd  i n e x p e n s i v e  d e b u g g i n g  t o  ke c a r r i e d  
G u t .  

Later i n  t h i s  s e c t i o n  (5,3), an i m p l e m e n t a t i o n  is 
d e s c r i k e d  i n  d e t a i l  i n  t h e  C c n F u t e r  D e s i g n  L a n g u a g e  [ l e ] -  

This l a n g u a g e  a l l o w s  t h e  u s e r  t o  describe t h e  hardware 
c o n f i g u r a t i o n  a n d  l o g i c  i n  c lear ,  p r e c i s e  s t a t e m e n t s ,  T h e  

s i m u l a t c r  f o r  t h i s  l a n g u a g e  [ 171 p r o v i d e s  a method of 
t e s t i n g  the hardware d e s c r i F t i o n  u n d e r  a v a r i e t y  cf i n p u t  
c c n d i t i c n s .  
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T h e  Frcblem b i t h  h a r d w a r e  i m p l e m e n t a i c n s  c f  t r a d i t i o n a l  
s o f t w a r e  f u c c t i c r E  i s  t h a t ,  i r  g e c e r a l ,  t h e  e x p e n s e  is only 
w a r r a n t e d  i n  thcse  f u n c t i c n s  t h a t  aEe u s e d  f r e q u e n t l y .  A 

s e c c n d  p r c k l e r c  a r i s e s  f c r  c c E F l e x  h a r d w a r e  i m p l e m e n t a t i c n s  
i f  a design e r r o r  is d i s c c v e r e d  a f t e r  F r o d o c t i c r :  h a s  kegurn, 
A ucre t a e i c  F r c k l e m  is t h e  f a c t  that t h e  c c s t  varies in 
F r c y c r t i c r :  k i t h  t h e  c c m F l e x i t y  of t h e  i m p l e m e n t a t i o n ,  T h e s e  
t h r e e  f a c t c r s  g e n e r a l l y  c o m b i n e  to c a u s e  t h e  ha rdware  
d e s i g n e r  t c  a v c i d  h a r d w a r e  i m p l e m e n t a t i o n s  of c o m p l e x  
f u n c t i o n s ,  f u r c t i c n s  t h a t  r e c e i v e  m o d e r a t e  use,  o r  thcse 
f u n c t i o n s  t h a t  have a n y  c h a n c e  cf u n d e r g c i n g  a c h a n g e  i n  
design. 

T h e s e  ~ r c t l a l s s  h a v e  r e c e n t l y  beer, c i r c u m v e n t e d  by t h e  
n i c r c F r c g r a m m e d  ( c r  s t o r e d  logic) c o m p u t e r ,  w h i c h  ccabines 
t h e  s p e e d  a n d  Fara l le l i sm a f  h a r d w a r e  w i t h  t h e  v a E i e t y  a n d  
e a s e  cf r c d i f  i c a t i . c n  of s o f t w a r e ,  A E i c r c F r c g r a m m e d  
c c r t ~ u t e r  can b e  d e s c r i b e d  a s  a c o m p u t e r  w i t h i n  a ccaFu te r ,  a 
d e z c r i F t i c n  t h a t  stresses its d e p e n d e n c e  on twc memor ie s .  
In t h e  o r i g i n a l  t h e s i s  a d v a n c e d  by M. V. W i l k e s  1 l a l o  
c c n v e n t i o n a l  machine i n s t r u c t i o n s  can be v i e w e d  as a numker  
of s e q u e n t i a l  c r  Fara l le l  r e g i s t e r - t o - r e g i s t e r  t r a n s f e r s  
c a r r i e d  c u t  u n d e r  c c n t r o l  of a sma l l  8 8 m i c r o F r c g r a m . w 1  

T h i s  is F E e c i s e l y  t h e  form a m i c r o p r o g r a m m e d  coreputeac 
t a k e s ,  There a r e  twc melrories: t h e  t r a d i t i o n a l  w a i n  inemcry 
a n d  a smaller, f a s t e r  c c E t r c l  ntemory, The ccn t r c l  memory 
may k e  r e a d - c n l y ,  The h a r d - w i r e d  i n s t r u c t i c n  set c o n s i s t s  
cf a set cf micro-crders i n d i c a t i n g  s i v y l e  c e g i s t e r  
c E e r a t i o n s ,  maic memcry read a n d  write, a n d  control memory 
r e a d  a n d ,  ~ c s s i b l g ,  urite, A formal set of  machine 
i n s t r u c t i c n r  i s  i n E l e m e n t e d  b y  p r o v i d i n g  a m i c r o p r o g r a m  t h a t  
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i n t e r p e t s  a n d  c a r r i e s  c u t  t h e  f u n c t i c n s  s F e c i f i e d  k y  each 
i r s t r u c t i c n  ucrd, 

Scme cf t h e  F c s s i t i l i t i e s  a re  i m n e d i a t e l y  e v i d e n t ,  C n e  
m i c r o p r c g r a m m e d  c c a r p u t e r  c o u l d  ke F r o g r a r m e d  t c  e x e c u t e  t h e  

i c E t r u c t i c n  sets c f  many c o m p u t e r s .  T h i s  is, i n  f a c t ,  t h e  

Fr iaary use cf m i c r o p r o g r a m m i n g  t o d a y .  ! the I B M  360 series 
rracbines c f f e r  uFIiard c o r n p a t a b i l i t y  t o  IEM 1401 a n d  I E E  

7CCC/7C94 Frcgrars  a n d  i n t e r - m a c h i n e  c o m p a t a k i l i t y  f c r  360 

F r c g r a m s  [ 151 .  T h i s  p r o c e s s  is c a l l e d  SmxnJation. R e c e n t  
Frcycsals  a l c n g  these l i n e s  h a v e  b e e n  t o  m i c r c F r c g r a m  
c c m F u t e r s  t c  d i r e c t l y  e x e c u t e  a h i g h e r - l e v e l  l a n g u a g e  such 
a s  F O R ' X R P N  [20]. Cne s u c h  i m p l e m e n t a t i c n ,  fcr l a n g u a g e  
EULEF, has k e e n  e f fec t ed  [ 2 1 ] .  Hanp c the r  uses of 
m i c r o p r o g r a m m i n g  h a v e  k e e n  prcFcsed [ 22  f [ 23 I [ 24 f [ i5 1- 

Whether c r  n c t  t h e  m i c r o F r c g r a n m e d  c c m F u t e r  is t c  he? 
v i e b e d  a s  t h e  o e x t  s t e F  i n  t h e  e v o l u t i c n  cf a c o m p u t e r ,  a 
F c s i t i c n  held b y  many [26] [ 273  , i t  o b v i o u s l y  p r o v i d e s  a 
c c n v e n i e n t  mq thcd  of t e s t i n g  new h a r d w a r e  l o g i c ,  Scme cf 
t he  a d v a n t a g e s :  

(a) m o d i f i c a t i c n  cf t h e  l c g i c  is a s i m p l e  t a s k  cf re- 

( k )  c c n v e r s i c n  t o  h a r d w a r e  i s  s t r a i g h t - f c r w a r d  cnce 

(c) c c m F l e x  f u n c t i o n s  c a n  k e  i s F l e a e n t e d  a s  e a s i l y  a n d  

(a)  ZFecific a p p l i c a t i o n  f u n c t i c n s  may be i a y l e m e n t e d  

F r o g r a a a i n g ,  

t h e  l o g i c  is d e k u g g e d ,  

a t  l i t t l e  mcre c o s t  t h a n  simple f u n c t i o n s ,  

i n  m i c s c g r o g r a m  a n d  o n l y  l o a d e d  i n t c  c c n t r c l  
loemcry % h e n  t h e y  are t u  ke u s e d .  
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l c a d e r  f e r c t i c n s  ky m i c r o p r o g r a m  i n  o rde r  t c  i m F r c v e  t h e  
F e r f c r m a n c e  o f  t h e  l c a d e r ,  T h e  e x a m p l e s  were c h o s e n  hecausc 
t hey  a r e  r e F r e s e c t a t i v e  of  t h e  f u n c t i o n s  t h a t  are  FerforEed 
o f t e n  w i t h i p  c t h e r  system F r c g r a m s  o r  b e c a u s e  t h e y  s h o w  t h e  
r a n g e  of f u n c t i c c s  t h a t  c a n  t e  i m p l e m e n t e d  i n  t h i E  f a r h i c n ,  
T h e  e x a m p l e s  discussed are :  

( a )  i B F l e m e n t a t i o n  cf  t h e  q u e u e  i n  h a r d w a r e ,  
(b) l c c a t i n g  the t a k l e  p o i n t e r s  a n d  h a s h - t a b l e  i n  

(c) i u i p l e m e n t a t i c n  o f  s e a r c h  i n s t r u c t i o n s  fcr l i n k e d  

(d )  m i c r c p r c g r a r m i n g  t h e  c o m p l e x  c a l c u l a t i o n s ,  
(e)  r i c r x F r c g r a i r n i n g  t h e  t r a n s l a t i o n  of relccatable 

c c n t r o l  a e m o r y ,  

l i s t E ,  

code t c  a x e c u t a l l e  c c d e .  
Tke l a s t  e x a m g l e  i s  d e s c r i k e d  i n  d e t a i l  i r  a seFarate 
e u t s e c t i c n .  

The q u e u e  d e s c r i b e d  i n  the a l g c r i t h m  is used t o  s tore  
t h e  maps s t o r a g e  l o c a t i c n s  cf t h c s e  s u k F r c g r a m s  t h a t  h a v e  
teen loca ted  i n  t h e  l i b r a r y  i n d e x .  A queue has e n t r i e s  
a d d e d  a t  c n e  e c d  a n d  r e t r i e v e d  from t h e  c t h e r .  TIfre p r o p o s a l  
i,t t c  h a v e  t h e  first s e v e r a l  l o c a t i o n s  a n d  t h e  l a s t  several 
l c c a t i c n s  cf t h e  q u e u e  loca ted  i n  a f i x e d  set of  h a r d w a r e  
registers k i t h  t h e  r e s t  r e s i d i n g  i n  m a i n  memory ,  
r i c r o p r c g r a m  w c u l d  a u t o m a t i c a l l y  transfer t h e  i n f c r m a t i c n  
frcm r e g i s t e r  t e  register,  from m a i n  memory t o  r e g i s t e r ,  a n d  
f r c m  r e g i s t e r  t c  m a i n  memcry a$ e n t r i e s  u e r e  d e l e t e d  frcm o h  

a d d e d  t o  t h e  q u e u e ,  T h i s  W i c r c F r o g r a m  w e u l d  a l s c  m a i n t a i n  
the  list cf awailakle  s p a c E  frcm w h i c h  t h e  queue receive 
i t s  e n t r i e E ,  T h i s  c c n c e p t  h a s  b e e n  i m p l e m e n t f d  on t h e  
Eurrcughs E5500 13 i n  t h e  form of a p u s h - d o w n  stack, T h e  
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a d v a n t a g e s  b e s i d e $  t h e  a u t c m a t i o n  of list m a i n t e n a n c e ,  i s  
t h a t  a l l  access t o  t h e  i n f o r m a t i o n  is a t  r e g i s t e r - t c -  
r e g i s t e r  sFeeds. T h i s  i m p l e m e n t a t i o n  w o u l d  t e  e x t r e n e l y  
u s e f u l  t c  a n y  system F r c g r a m  u s i n g  s t acks ,  q u ~ u e s ,  c r  
d o u t l y - l i c k e d  l i s ts ,  

? h e  t a b l e  d e s c r i p t c r s  d e s c r i b e d  i n  F i g u r e  18 aEe  u s c d  
w i t h  h i g h  f r e q u e n c y  t h r o u g h o u t  t h e  a l g o r i t h m .  I f  t h e y  were 
l c c a t e d  i n  a h i g h  s F e e d  l o c a l  s t o r e  ( r e g i s t e r  memory), 
a c c e s s  t imes fc r  r e t r i e v i n g  t h e  d a t a  i n  t h e  r e s s e c t i v e  
t a t l e s  c o u l d  t e  h a l v e d .  T h i s  is a l s c  t rue cf t h e  s r a l l  h a s h  
t a t l e  u s e d  u i t h i r  t h e  d e f i n e d  symkcl t a b l e  ( F i g u r e  2 5 ) .  I n  
f a c t ,  l c a d i n g  a n y  cf t h e  small t ab les  t h a t  a r e  u c e d  t i i t h i n  
t he  a l g o r i t h m  w c u l d  ke a d v a n t a g e o u s ,  It s h o u l d  h e  n o t e d  
t h a t  these  tables Eeed c n l y  be l o a d e d  when t h e y  are  t c  be 
u s e d ,  

T h e  p r e v i o u s  d i s c u s s i o n  of t h e  U N I V A C  s e a r c h  
i c s t r u c t i c n s  s u g g e s t s  a more a m b i t i o u s  se t  cf l i s t  
o F t z r a t i o n s .  S y s t e a s  Ercgrams use l i n k e d  lists f o r  p o s t  d a t a  
s t o r a g e  ( s i n g l y - l i n k e d ,  d c u k l y - l i n k e d ,  t r e e  s tzuc tures ,  
c i r c u l a r  l i s ts ,  e t c , ) ,  The f l cw  c h a r t s  i n  F i g u r e s  34, 3 d ,  
2 5 ,  45,  4 6 ,  a n d  5 1  a l l  ccc t a i r !  l ist s e a r c h i n g  s e q u e n c e s .  A 
s e t  of p r i m i t i v e  s e a r c h  c F e r a t i c n s  w c u l d  be e x t r e m e l y  
u s e f u l ,  I h e s e  c o u l d  te m i c r c F r o g r a m m e d  t o  r e s p o n d  t c  l i s t  
o p e r a t i o n  i n s t r u c t i c n s  t h a t  u c u l d  s F e c i f y  t h e  address  f i e l d  
( c r  f i e l d s )  t o  s e a r c h  along, t h e  f i e l d  cf t h e  l i s t  ce l l  t c  
Le s E a r c h e d ,  and reweral v a l u e s  t o  r e s p o n d  t a  ( t h e  v a l u e  
d e s i r e d ,  t h e  end cf list i n d i c a t o r ,  e t c , ) ,  

T h e  flow c h a r t s  i n  F i g u r e s  31 and 32 s h o w  t h e  c c a p l e x  
c a l c u l a t i c n  f c n c t i c n  t h a t  p e r f c r m s  t h e  c F e r a t i o n s  i n d i c a t e d  
b y  i n s t r u c t i o n s  cf t h e  form s h o w n  i n  F i g u r e  6- A s e t  of 
ccmFlex c a l c u l a t i c n  i n s t r u c t i o n s  is a s s o c i a t e d  w i t h  e a c h  
s u t F r o g r a m ,  T h e s e  i n s t r u c t i o n s  r e f e r e n c e  d a t a  v i a  o n c  of  
the t h r e e  s y n t c l  lists ( u n d e f i n e d ,  cornmot, a n d  c c rF le r )  f c r  
t h e  s u t p r c g r a m ,  Ey c r e a t i n g  a r n i c r c p r o g r a m  t c  i n t e r g r e t  t h e  
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instructions and perform the indicated operations, and 

locating the three symbol lists in a register store, a 

savings in time and memory can be achieved. This is not 

difficult to understand because the comparison is between 

implementing the interpreter in slow memory versus 

implementing the interpreter in fast memory. 

5.3 Microproqramminq the Yranslation of Relocatable Code 

To Executable Code 

The last example is the microprogramming of the function 

that performs the relocatable code translation of the loader. 

The conversion to microprogram requires three steps, each 

involving s3me change in the algorithm itself. First, 

the algorithm is flow charted from the existing software. 

At this point, it may be desirable to substitute a more 

clear description of the algorithm then to translate the 

software code to flow chart exactly. In our case, this 

step is represented by the flow chart in Figure 60. The 

second step is to convert the flow chart to hardware 

sequence charts. At this point decisions about registers 

and memory must be made. The algorithm itself may be 

modified to take advantage of a particular hardware 

implementation. For example, the hardware addition of a 

shift register obviates the need for the complicated BYT 

function used in the flow chart. The third step is the 

conversion from sequence charts to microprogramming. At 

this point, the hardware control is defined and an attempt 

is made to minimize the execution time. The minimization 

is accomplished by maximizing parallel operations and by 

performing as many tasks as possible in a memory cycle. 
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This example is a modification of an example presented 

in a previous report ( 2 8 )  e The reader is directed to that 

report for the details of the implementation. In order to 

simplify the presentation, only part of the flow chart in 

Figure 60 was implemented. The complex address operator 

(OP=5) was deleted, and the value of 5 was used to indicate 

the end of translation. The microprogram assumed that the 

input buffer was already loaded and terminated when OP was 

equal to 5 rather than attempt another input. The function 

CmCKLINK was ignored and the RELAD field is assumed to be 

switched with the LKADR field in the defined symbol 

description word (T+O in the flow chart). 

The design of the configuration assumes a word format 

like that of an IBM 7090/7094. The configuration, micro- 

orders, and microprogram are described by the computer 

Design Language (CDL) . This language, and the methodology 

above, are attributable to Y. chu (16) ( 2 8 ) .  

Implementation of the relocatable translation function 

as a microprogram supports the arguments for the use of 

microprogramming in a unified hardware-software design. 

As shown below, reductions in CPU time and memory requirements 

are effected. 

Savinqs in Computer Time 

It is possible to estimate the speed of translating the 

executable code (i.e-, instructions or data words). At one 

extreme, it requires 5 main memory cycles to translate a 

two-address instruction where the addresses are external 

addresses. (It requires two 
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r e l c c a t a k l e  wcrds fcr cne s u c h  i E s t r u c t j . c n . )  Let t h e  main 
memcry c y c l e  titre t e  1 micrcseccnd. Then, t h e  EicrcErcgram 
c c c t r c l l e d  t r a n s l a t c r  is c a F a t l e  cf producing frcm 77,OCO t o  
2OC,OOO i c s t r u c t i c n E  cr d a t a  words Fer second. ? h e  required 
t r a n s l a t i c n  time f c r  a two-address i n s t r u c t i o n  cculd ke 
f u r t h e r  lcwered t c  9 main memory c y c l e s  i f  t h e  s p & k c l  l i s t s  
f o r  t h e  r e l c c a t a t l e  ccde r e s i d e d  i n  c c n t r o l  E ~ ~ T C K ~ ,  

Fcr the sake cf comparison, t h e  so f tware  implementation 
o f  t h r  r ~ l c c a t a b l e  t r a n s l a t i . c n  cn t h e  IEB 7@90/7C9Q Lcader 
( I E L C R )  was exaained k y  c c u n t i n g  l ines  cf ccde and c h a r g i n g  
O R G  memcry c y c l e  f o r  instruct icn f e t c h  and execut ion  
(assuming da ta  f e t c h  i s  OverlaFFed),  i t  was fcund t h a t  t h e  

r icrcErcgraamed t r a n s l a t c r  reduces CPU time by a f a c t o r  of 
1 C .  A f a i r e r  c c m ~ a r i s c n  may Ice t o  i m p l e m e n t  t h e  a lgor i thm 
i n  Eigure 6C i c  so f tware  c r  a machine g i t h  a l a r g e r  
i n s t r u c t i c c  s e t  ( e - g . ,  t h a t  of  t h e  UNIVAC 1108) -  I n  t h i s  

c a se ,  t h e  micrcFrogramred t r a n s l a t o r  s t i l l  reFresents an 
itrFrcvenect, redacing CPU time Icy a factcr of 3 .  

GSZS,SE!lEE 

Simi la r  a n a l y s i s  r e v e a l s  t h a t  a s o f t u a r e  implementatian 
requires letween 100 t c  200 memory l c c a t i c n s  t c  hold tbe 
machine i n s t r u c t i c n s .  The micrcFrogrammed t r a r s l a t c r  frees 
t h E s e  l o c a t i o n s  fcr  c t h e r  use. ? h i s  F a r t i c u l a r  g a i n  is 
scsewhat damFened by t h e  r e q u i r e m e n t  made upcn c c n t r o l  
merrcry b y  t h e  reicrcprogram. However, it should t e  noted 
t h a t  t h e  nicrcFrogram requires o n l y  24 words of  s t o r a g e  
r a t h e r  t h a r  1 0 0  C I  acre .  ? h e  v a r i a k i l i t y  a n d  p a r a l l e l i s m  of  

t h e  m i c r o - i n s t r u c t i c n  makc tbis g o s s i k l e ,  
----- Saving --I-------- I n  IiardwarE 

As tke c c s t  cf hardware f a k r i c a t i o n  can c v e r r i d e  t h e  
k e n e f i t s  c f  r educ t ion  i n  CPU tirre and m a i n  meacry usage, i t  
is w o r t h w h i l e  t o  ccrqare the tardware d e s c r i l c e d  with t h a t  of 
e x i s t i r g  ccmFGffrEI The I B f l  70S0/3(lC4 Frcv ides  a good 
exanFlf a s  it has  k e e n  u s e d  a s  t h e  k a s i s  f o r  t h e  ccmFarison, 
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'lhe hardware  r e q u i r e d  for t h e  algorithm, shown i n  F i g u r e  E;, 
c l c s f l y  a F E r o x i a a t e s  t h e  r e g i s t e r  s e t  on t h e  IEH 7C94 (e .q . ,  

seven i n d e x  r e g i s t e r s ,  an a c c u m u l a t o r ,  a m u l t i F l i e r / q u c t i c n t  
r e g i s t e r ,  a r  i c s t r u c t i o n  r e g i s t e r ,  e t c . ) ,  T h e r e f o r e ,  i t  c a n  
h~ s a i d  t h a t  t h e  FKCFCS€d i n t e r n a l  r e g i s t e r  s t r u c t u r e  c f  t h e  
microprogracaed machine a F F r o x i H a t e s  t h a t  cf c c c v e n t i o n a l  
c c r r ~ u t e r s .  'Ike rrajcr d i f f e r e r c e  is, c f  c o u r s e ,  t h e  c c n t r o l  
rrercry.  It s h c u l d  be noted t h a t  t h e  cost of  a c c n t r o l  
rcercry i E  c f f s e t  k y  t h e  s a v i n g s  a c h i e v e d  k y  d i s p e n s i n g  w i t h  

k i r e d - i n  l c g i c ,  
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T h i s  FaFrr  s e t  o u t  t c  d e r n c n s t r a t e  the a d v a r t a g e s  of a 
o r i f i e d  h a r d u a r e - r c f t w a r e  d e s i g n  a p p r o a c h  t o  an c F e r a t i n g  
system t h r c u g h  s i c r o p r o g r a m m i n g  k y  c o n c e n t r a t i n g  cn a s i n g l e  
s y s t e E  F r c g r a p ,  t h e  l o a d e r ,  T h e  l o a d e r  was c o n s i d e r e d  i n  
i t s  k r c a d E r  s e n s e  c f  a r e l o c a t a b l e  a l l o c a t o r  a n d  l i n k a g e  
e d i t o r ,  ?he f u r c t i c c s  c f  t h e  l c a d e r  were reviewed, a 
specific d e s c r i g t i c n  c f  t h s  i n F u t  and  c u t r u t  g i v e n ,  a n d  a 
d e t a i l e d  a l g o r i t b a  s e t  f o r t h .  B i c r c p r c g f a m r i r g  was a d v a n c e d  
a s  a m e t h o d  of a c h i e v i n g  hardware-software i n t e g r a t i o n .  The  
a l g c r i t h n  &as  e x a m i n e d  f o r  f u n c t i o n s  t h a t  w c u l d  b e n e f i t  
systerc F e r f c r t r a n c e  i f  i m p l e m e n t e d  by m i c r o p r o g r a m ,  S e v e r a l  
s u c h  f u n c t i c n E  rere  o u t l i n e d  a n d  o n e  was d e s c r i b e d  i n  g r e a t  
d e t a i l  a n d  i n F l e a e r t e d  t h z c u g h  s i m u l a t i o n ,  

B y  r e v i e w i n g  t h e  l o a d e r  i n  a g e n e r a l  s e t t i n g  a n 6  i n  
SOBE d e t a i l ,  macy d e s i g n  p r o k l e m s  h a v e  been p r e s e n t e d ,  I n  
t h e  d i s c u s s i c n  cf c v e r l a y  s e g E e n t i n g ,  the ccgcfariscn of t r e e  
s t r u c t u r e d  s e g n e n t a t i c n  w i t h  u n s t r u c t u r e d  s e g r e a t a t i o n  h a s  
shcbn t h e  a d v a n t a g e s  a n d  d i s a d v a n t a g e s  of both,  ?he tree 
s t r u c t u r e  a l l c w s  many d e c i s i o n s  t o  ke made a b o u t  l o c a t i n g  
E u k F r c g r a a  and ccmmcn a r e a s ,  b u t  is r e s t r i c t i v e ,  T h e  

u n s t r u c t u x e d  E e t h c d  a l l o w s  more f r e e d o m  i n  s e g m e n t a t i o n  a n d  
s i s p l i f i e z  au tcmat ic  l o a d i n g ,  

An i r r F l i c i t  r esu l t  i n  t h e  study of t h e  l o a d e r  is t h e  
n e c e s s i t y  cf a u x i l i a r y  s t o r a g e  t o  t h e  i m p l e m e n t a t i o n  of  t h e  
a l g c r i t h a t ,  T h f  n e e d  arises kecausc, i n  t h e  uFFer l i m i t ,  t he  
sum of t h e  r e l c c a t a k l e  e l e m e n t s  m u s t  exceed t h a t  cf t h e  
f i n i s h e d  f r o g r a m  ( e v e n  u i t b  F a c k i n g  cf i n f c r a a t i o n )  (. 
Fortbermcre, t h e  use of a n x i l i a r y  storage haE a d i r e c t  
e f f e c t  o n  t h e  a s e  cf d a t a  s t r u c t u r e s .  For exaople, t h e  
a l g c r i t h m  F r e s e n t e d  i n  s e c t i o n  4 s t o r e d  t h e  r e l o c a t a t l e  c c d e  
i n  a u x i l i a r y  s t c r a g e ,  An a l g o r i t h m  t h a t  r e l i e d  u F c n  
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c h a i n i n g  cf a d d r e s s e s  w i t h i r  the b l o c k s  of r e l c c a t a k l e  ccde 
w o u l d  have teen Ecre d i f f i c u l t  t c  i n F l e w e c t -  

I n  a d d i t i o n ,  the s t u d y  cf t h e  l e a d e r  a l l o w e d  s e v e r a l  
t y p e s  of d a t a  structures t o  t e  ccmrared f o r  ease cf s t c r a g e  
acd r e t r i e v a l  a n d  o a i n t e n a n c e  ccst. Fcr examEle, hash- 
c c d i n g  was c c m z a r e d  t i i t h  L i n e a r  lists a n d  k i n a r y  tree 
z t r v c t u r e s .  I n  t h e  f i n a l  d e s i g n ,  h a s b - c o d i n g  was ccmbined 
w i t h  a sinEle l i E t  structure. T h i s  r e d u c e d  t h e  r e q u i r e m e n t s  
cn rcemcry f c r  the h a s h  t ab l e .  The k i n a r y  tree structure was 
d i s c a r d e d  because cf t h e  c o s t  of r e b a l a n c i n g  t h e  t r e e ,  

T h e  a d v a n t a g e s  of  t h e  u n i f i e d  h a r d w a r e s o f t w a r e  d e s i g n  
were r e - e n f o r c e d  hy  e n u a e r a t i n g  p a s t  successes,  o u t l i n i n g  
~ o m e  p o s s i k l i t i ~ s  s u g g e s t e d  ky t h e  l e a d e r ,  a n d  F r e s e n t i n g  a 
m e t h c d  cf f u t u r e  e x F l o r a t i c n ,  T h e  a F p r c a c h  was s e e n  t o  
r e d u c e  system c v f r h e a d ,  CPU tiwe and memory usage, D u e  t o  
t h e  ~ c s s i t i l i t y  cf h i g h  bardvare c o s t s ,  i t  was F c i n t - e d  o u t  
t h a t  a c a r e f u l  k a l a n c e  m u s t  Ice m a i n t a i n e d .  

T h e  s u c c e s s  c f  t h e  i a F l e m e r t a t i c r  i n  E e c t i o n  5 

u n d e r l i n e s  the a d v a n t a g e s  of m i c r c p r o g r a w m i n g  a s  a me thcd  cf 
h a r d w a r e - s c f t b a r e  d e s i g n .  I n t e r p r e t e r s  of s p e c i a l i z e d  
l a a c u a g e s ,  i n  this case t h e  relocatakle language, c a n  he 
i n F l e m e n t e d  e a s i l y  b y  m i c r o p r o g r a m ,  T h e r e f o r e ,  r a t h e r  t h a n  
w r i t i n g  syrterc Frograms i n  o n e  g e n e r a l - p u r p o s e  m a c h i n e  
l a n g u a g e ,  s ~ e c i f i c ,  h i g h  p c w e r e d  i n s t r u c t i o n  s e t s  c a n  h e  
d e v e l o F e d  for each  f u n c t i o n ,  Control memory could h o l d  
those i n t e r F r e t i v E  m i c r o g r c g r a m s  u s e d  laost o f t e n .  I n  t h e  
l o a d e r ,  it may ke a d v a n t a g e c u s  t o  use a list Frocess ing  
l a n g u a g e ,  a s i n ~ l e  c a l c u l a t i o n  l a n g u a g e  (as s h c w r !  i n  F i g u r e  
6 ) ,  a n d  a l a n g u a g e  f o r  r e l o c a t i o n  where e a c h  wou ld  each he 
i n t e r p r e t e d  k y  a s fFafa te  a i c r c F r o g r a e  i n  c o n t r o l  semcry. 

I n  c o n c l u s i o E ,  i t  a F F e a r s  that t h e  u n i f i e d  h a r d w a r e -  
scftware d e s i g n  ca r !  he of immense  k e n e f i t  i n  the d e v e l c g m e n t  
cf c F e r a t i n g  spstens,  H a v i n g  e x a m i n e d  t h e  l o a d e r  o n c e ,  i t  
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can be i n y l e n e c t e d  i n  a n y  m i n i m a l  m i c r o p r c g r a n m e d  c c a p u t c r ,  
This s h c u l d  @ear! a saraller l e a d  time i n  d e s i g n i n g  a n e w  
system a n d  a mcre r e l i a b l e  d e s i g n .  T h e  d i r e c t  k e n e f i t  is a 
r e d u c t i o n  i r  s y s t e a  o v e r h e a d ,  w h i l e  a Icy -p roduc t  aFgears  t o  
t c  a P C K ~  v a r i e d  y r o g r a m n i n g  e n v i r c n m e n t  for a l l .  Howeverl 
i n  c rde r  t c  u n d e r z t a n d  c l e a r l y  t h e  k e n e f i t s  of t h e  u n i f i e d  
h a z d w a r e - + c f t w a r €  design a F F r c a c h ,  Ecre a m k i t i c n s  s t u d i e s  
E h c u l d  b e  u r d e r t a k e n ,  i n c l u d i n g :  

i) ---e Ztudg&qigigtail a-gicgaroqyam c o n & _ r o l l e d  
nachiaf t h a t  m u s t  use a t a c k i n g - s t o r e  t c  h o l d  i t s  
----------- s e t  c f  aicroggpqgars, A s t u d y  of t h i s  nature 
c c u l d  d r a w  h e a v i l y  o n  work d o n e  i n  F a g i n g  a n d  
s e g m e n t i r g  s y s t e m s ,  T h i s  s t u d y  is n e c e s s a r y  i n  
c r d e r  t c  d e t e r a i n e  w h e n  i t  i s  feasible t c  use 
t a c k i n g  s t o r e  tc s t c r e  rnicroFragrams, 

-I-------------------------- -------------- 

a - I E E l e m e n t a t i c n  - ----------------- o f  a languuqq --- and s i m u l a t c g  that 
--------------e-------- would a l l o u  d e t a i l e d  s p e c i f i c p G m - p n d  s i e u l a t i c n  
-------- cf a ccmilete ----------- microEgpqgrg- c c n t r c l l e d  _cg_eratinq 
- system,  sa--- The l a n g u a g e  should ke atle t o  s i m l a t e  
a s y o c h r c n c u s  FrccessesI r o t a t i n g  memory d e v i c e s ,  
a n d  F r c v i d e  s t a t i s t i c s  upon t h e  p e r f o r m a n c e ,  This 
c o u l d  ke an extensicc of  a n  e x i s t i n g  l a n g n a g e  l i k e  
t h e  CcmFuter C e s i g n  L a n g u a g e ,  

* --e- study, ----- d e s i g n  ,~s,,,,,,, and i m E l e m e n t a t i o n  ------I------ of a c o i t E l e t e  --e- 

- system, ----... E a c h  phase s h o u l d  ke a t t a c k e d  with t 
u h c l e  spstem i n  mind i n  order to provide 
c c n s c i e n t i c u s  d e b a t e  on t h e  v a l i d i t y  cf F a s t  
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system$ d e s i g n s ,  
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A F € E E ; C I X  

C e s c r i F t i o n  Cf I n p u t  I n  B a c k u s - N a u r  F o r u  

?he i n F u t  t c  t k e  lcader  i s  summarized b e l o w  i n  E a c k u s - N a u r  
Fcrlr ( B N F ) ,  T h e  B a c k u s - N a u r  Form c o n s i s t s  c f  a series c f  
dcfiniticns, C e f i c i t i c n s  a r e  F r o d u c t i o n s  o f  t h e  form 

c l e f t - s i d e >  : := < r i g h t - s i d e > ,  
which is r e a d ,  “ < l e f t - s i d e >  is d e f i p e d  a s  < r i g h t - s i d e > . ”  
T h e  k r a c k e t s  < > are  used t c  e n c l c s e  s y n t a c t i c  c a t e g o r i e s ,  
T h e  r i g h t - s i d e  c f  a n y  F r c d u c t i a n  is o n e  o r  Ecre d e f i n i t i c n s  
n a d E  U F  of  c t h e r  s y n t a c t i c  c a t egc r i e s  c r  t e r m i n a l s .  
A l t e rna t ive  d e f i r i t i o n r  a r e  s e p a r a t e d  b y  the v e r t i c a l  s l a s h  
( 1 ) .  l e r l i i i n a l s  a r e  u n b r a c k e t e d  c h a s a c t e r s  or s t r i n g s  cf 
c h a r a c t e r s ,  In c r d e r  t o  l e a v e  t h e  d e f i n i t i o n  a s  g e n e r a l  as 

Foss ik le ,  s c ~ e  s y r t a c t i c  c a t e g o r i e s  a r e  d e f i n e d  a s  a s a r t  c f  
h i g h e r  level t e r i i n a l ,  These s y n t a c t i c  c a t e g c r i e s  a r e  
m a r k e d  w i t h  a n  asterisk I * ) -  This is d o n e  i n  t h o s e  cases 
where a s s u a F t i c r s  k i c u l d  h a v e  t c  be n a d e  a l c c n t  the m a c h i n e  
s p e c i f i c a t i c n  (wcrd f c r m a t s ,  c h a r a c t e r  se t ,  m e n c r y  s i z e ,  
etc.) i n  c r d e r  t c  d e f i n e  tke t e r m i n a l  s t r i n g .  For example, 
t c  d e f i n e  f u r t h e r  t h e  ncake-uF c f  a ( s e g m e n t  n a p e * >  r e q u i r e s  
k n c w l e d g e  cf t h e  a l l owab le  c h a r a c t e r s ;  t o  d e f i n e  f u r t h e r  
< r e l a t i v e  a d d r e s s * >  requires k n o w l e d g e  of the n u o o f f r  cf 

a d d r e s s a k l e  l c c a t i c n s ,  R a t h e r  t h a n  restrict  tlte algoritha, 
f u r t h e r  d c f  i n i t i c r !  is l e f t  t c  t h e  p a r t i c u l a r  i a p l e m e n t a t i c n ,  

T h e  EIF is e x t e n d e d  by a d d i n g  r e f e r e n c e s  to t h e  flcw 
charts  t h a t  Ferfcrm t h e  s e n a r t i c  i n t e r p r e t a t i c n .  T h i s  is 
c n l y  d o n e  fcr t h e  najcr  c a t e g c r i e s  a n d  a l w a y s  refers ta  t h e  
l e f t - s i d e  cf the d e f i c i t i c r  w h i c b  i t  fcllowr, These 
r e f e r e n c e s  are  t r a c k e t e d  ky t h e  “ ‘ t u l l e t S t  marks ( c ) ,  For 
sxa l rF le ,  t h e  c c n t r c l  words  SRGLOC, $ S E G ,  bCOEN, OUNC, f D E P ,  

$ C l ? E L X ,  a n d  $?EXP are  r e c o g n i z e d  i n  flow c h a r t  1 - 2  ( F i g u r e  
29). T h e r e f o r e  t h e  d e f i n i t c r !  of t c c n t r c l  woId> i n  t h i s  
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f c r n a t  is: 

<ccntrol rcrd>  ::= ZRELOC 1 $SEG I $CCEN J 

O U N D  1 SDEF J $C!!FLX 1 
$ T E X T  f 1.2 c 

' I b i s  f c r a  i s  u s e d  c n l y  for t h e  majox s y n t a c t i c  catcgcr ies .  
?he s y c t a c t i c  c a t e g o r i e s  t h a t  ccrnFrise the  def i n t i o n  cf 
these  rrajcr c a t e g c r i e s  are  e i t h e r  interpreted w i t h i n  t h e  
same flcw c h a r t  c r  s tcred fcr l a t e r  i n t e r g r e t a t i c n ,  

c l c a d e r  i n p u t >  ::= ( l e a d e r  command><prograp> 
< e n d  of  i n f o r m a t i o n >  u 1 . 0  tl 

<FrcgraE> : := <unsegmented program>l 
<segmented grogram> 

t s e g p e n t e d  Frogran> ::= 

<segment  d € s c r i p t c r > t s u b F r o g r a m  s o t > !  

<segmented Frogram><segmen t d e s c r i F t r o r >  
tsukFrcgram set> 

<segment  descriFtcr> ::= <segment delimiter> 
( s a g a e r t  n a r e * > < r e l a t i c n  Fart> n 1 . 3  tl 

<segment  d e l i m i t e r >  ::= $SEG 

c r e l a t i c n  € a r t >  ::= <rull>l ( ( F r e d e c e s s c r  list> 
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cFredeceazcr> ::= < s e g m e n t  name*> 

< u n s e g m e n t e d  p r o g r a m >  ::= c s u k p r o g r a m  s e t >  

< E  uk r c g r a  m set> : : =< re locatakle  element > I 
< s u b F r o g r a m  s e t > t r e l o c a t a k l e  €l€a€nt> 

< e n d  of i c fo r rna t i cn> : :=<EOI  trark*> a 2-0 a 

c r e l c c a t a  tle element > : := <pref a c e > < p r e a m k l e > <  tex t> 

<Ereface> ::= ( p r e f a c e  d e l i m i t o r > < s u ~ F r c g r a m  name*> 

< b l o c k  i n d i c a t o r * > < s u k p r o g r a m  size*> 
E 1 . 4  t 

CFrefzce d e l i m i t e r >  ::= 3RELLOC 

< Frea E ble >: : =<commcn sym k o l s  > t u n  d e f i n e d  s y u Z o l s >  
< d e f i n e d  s y m b o l s > < c o m p l e x  s y m b c l s >  

<cocmcn s y m b c l s >  ::= < n u l l > l  
<common d e l i m i t e r > < n u m b e r  of e n t r i e s * >  

<common symbols t a t l e >  D l e €  D 

cccmmon d e l i @ i t e r >  : := OCOflN 

ccommcn a y t a l s c l s  t a b l e >  ::= <common t a f l e  entry>l 
<coIcmcn s y m k c l s  table><ccmEcn t a t l e  entry> 

< c c Q B c n  t a k l e  entry> ::= (symtolic name*> 
< b l o c k  s i z e * > < r e l a t i v e  a d d r e s s * >  

c u n d e f i n f d  s y m k c l s )  ::= C ~ . u l l > l  
t u n d e f  i n e d  d e l i m i t e r > < a u m k e r  of entries*> 

t u n d e f i n e d  s y m b o l s  t a k P e >  n 1 - 5  
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t u n d e f i n e d  d e l i m i t e r >  ::= $UND 

c u n d e f i n e d  s y m b c l s  t a b l e >  ::= 

( u n d e f i n e d  t a t l e  e n t r y > l  
c u n d e f i n e d  s y m k o l s  t a b l e >  

c u n d e f i n e d  t a k l e  e n t r p )  

< u n d e f i n e d  t a b l e  e n t r y )  ::= <symto l i c  n a n e * >  

< d e f i n e d  symtcls) ::= < R U l l > ]  

( d e f i n e d  deliriter>Cnumker c f  entries*> 
( d e f i n e d  s y m k o l s  t ab le>  a 1 - 8  n 

< d e f i n e d  de l imiter> ::= $DEI! 

< d e f i n e d  s y m b c l s  table> ::= (defined tatle e n t r y > !  
< d e f i n e d  symbols t a b l e > < d e f i n e d  tatlf e n t r y >  

< d e f i n e d  t a k l e  e n t r y >  ::= 

< s y m k o l i c  name*><value*><relat ive address*> 

cccmFlex s y m t c l s >  ::= < n u l l > !  
<ccm F l e x  d e l i m i t e  r><numb:er cf en tries*> 
( t a k l e  s i ze*><caaplex  takle> n 1.7 n 

CccmFlex d e l i m i t e r >  ::= 3CHPLX 

<ccmFlex t a b l e >  ::= ( c o m p l e x  tatle e n t r y > !  
t c o m g l e x  t a b l e > < c o m p l e x  t a k l e  entry> 

n 3 - 1  t 

c c o n t ~ l e ~ t  t a b l e  entry> ::= <lcad oFerator*> 
( a r i t h m e t i c  e x p r e s s i o n > t s t a r e  cFerator*> 

< t a b l e  i n d e x * >  
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< t a b l e  item>::= < t a b l e  indicator*><tatle index*> 

< a r i t h E e t i c  c F ~ r a t i c n > : : = t a d d i t i c n > i C ~ u ~ t r a c t i o n > l  
< m u l t i F l i c a t i o n >  ! < d i v i s i o n >  

< t e x t >  ::= < t e x t  deliBiter><text k o d y > < t e x t  end*>  
c 1.9 0 

<text delimiter) ::= $TEXT 

<text  b c d y >  ::= < t e x t  wcrd>l<text k o d y > < t e x t  word> 
t TfiAh’S n 

< t e x t  word> ::= <data  ucrd>t<address wcrd> 

<data  u c r d >  ::= < d a t a  o F e r a t o r * > < f i e l d  size*> 
<data  item*> 

( a d d r e s s  ucsd> : :=<re la t ive  address>l 
tccmmon address>l 
< u n d e f i n e d  a d d r e s s ) ]  
< C C m F l € X  a d d r e s s >  

( r e l a t i v e  a d d r e s s )  ::= < r e l a t i v e  a d d r e s s  cFerator*> 
< f i e l d  size*>relative address*> 

<cornman address> ::= tccmmcn a d d r e s s  c g e r a t o r * >  
< f i e l d  sine+><addrees part> 

( e x t e r n a l  address> ::= (external a d d r e s s  og+erator*> 
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< f i e l d  s i z e * > < a d d r e s s  part>  

tccmFlex address> :: =<ccmFlex address  cperatcr*> 
< f i e l d  s i z e * > < a d d r e s s  part>  

< a d d r e s s  € a r t >  ::= <nc increment i n d i c a t c r * >  
c t a k l e  index*> 1 
<add increment i n d i c a t o r * > i t a k l e  i n d e x * >  
< increnent*>l  
t s u t t r a c t  iccrement ind ica tcr*>  
<taka€ index*><increEent*> 
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